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PREFACE TO THE SECOND EDITION 


In the preparation of this new edition every effort has been 
made to conect any eiiois oi lack of clanty in the old text and 
to bung the book up to date in all fields in which lecent pi ogress 
has made this desirable In a number of places this has lequned 
expansion In the chapter on Flow of Heat, the constants and 
the form of seveial equations have been modified slightly to 
make them more geneially applicable and conform moie closely 
with recently deteimined data The quantitative tieatmcnt of 
gas pioduceis has lieen amplified. In the discussion of leeti- 
fi cat ion, graphical methods of computation have been substituted 
for the algebraic technique employed in the fiist edition, because 
the former an', moic rapid and the significance of the steps much 
more readily visualized At the request of a large number of 
users of the book, there has been added as an Appendix a list of 
problems for solution 

It was originally intended to incorporate in the first edition 
chapters covering those processes of diffusion which include the 
operations of gas scrubbing, percolation filtration, hxiviation, 
and the like, but it was impossible to do so without unduly delay- 
ing publication This whole subject was then m a decided state 
of flux, its theoretical foundations were imperfectly developed 
and the technique of the exact solution of practical problems 
almost unknown. Since then the subject has crystallized rapidly 
and two chapters covering these topics have been added. The 
first deals with the specific application of the underlying prin- 
ciples of diffusion, which govern all interaction between phases 
and which have already been discussed and applied in the 
chapters on Drying and Distillation, to those types of problems 
particularly characteristic of the operations here treated. 
Special emphasis is laid upon the questions of equilibrium and 
reaction rate, for constant conditions of operation at any specific 
point The second chapter is devoted to a description and dis- 
cussion of standard operating methods and equipment and 
to the technique of the quantitative application of the underlying 
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principles developed in the preceding chapter to the solid ion 
of typical problems. Throughout the treatment emphasis is 
laid upon the analogies which exist even in cases superficially 
divergent in character. 

William H. Walkku 
Warken K. Levis 
William H. McAdams. 

Cambidge, Mass 
July, 1927. 



PREFACE TO THE FIRST EDITION 


Just as the arts of tanning and dyeing were practiced long 
before the scientific principles upon which they depend were 
known, so also the practice of Chemical Engineering preceded 
any analysis or exposition of the principles upon which such 
practice is based The unit operations of chemical engineering 
have in some instances been developed to such an extent in 
individual industries that the operation is looked upon as a 
special one adapted to these conditions alone, and is, therefore, 
not frequently used by other industries. All important unit 
operations have much in common, and if the underlying principles 
upon which the rational design and operation of basic types of 
engineering equipment depiend are understood, their successful 
adaptation to manufacturing processes becomes a matter of good 
management rather than of good fortune. 

In this book we have attempted to recall to the reader’s mind 
those principles of science upon which chemical engineering 
operations are based, and then to develop methods for applying 
these principles to the solution of such problems as present them- 
selves in chemical engineering practice. We have selected for 
treatment basic operations common to aU chemical industries, 
rather than details of specific processes, and so far as is now 
possible, the treatment is mathematically quantitative as well 
as qualitatively descriptive. We venture to hope that the book 
win stimulate engineers to design apparatus adapted for any 
particular purpose, rather than just to huiM it and then to rely 
on large scale experimentation with expensive changes in con- 
struction to dfect eflBicient operation. 

This book may be divided roughly into five parts. 

First, the principles of stoichiometry are reviewed, special 
ftmp hftsia being laid upon the utility of the pound mol as a unit 
for calculation, and the relative ease with which the units of one 

ix 
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system may tie tiansformed into those of aiiothoi s\stom. Expen* 
eiice has taught us that piaetu'ing engineeis as well as students 
fail to realize the vast amount of useful data theic is available, 
largely in chemical litciatuie, and hence in the motiie sjsti'ia. 
Theie is a lack, also, of an effoit to select pioperly those data to be 
lecoided in laboiatoiy expeiimentation and factory opera- 
tion, m ordei that any definite infoimation mav be obtair.ed 
Frequently also data aie used inadequatelv, and much <i<>sned 
infoimation overlooked because oi faulty interpretation There- 
foie we have intioduced illustiative problems and theii solution 
throughout the book, in which we believe the reader may ftiul 
helpful suggestions iclatue to the plan of an experimental run, 
the data to choose, and the method of solution and inteipietation 
to adopt These piobleins should not be looked upon as nuts 
for students to crack, but as an intcgial part of the texi Mfally 
illustrative of the subject matter eoiibideied. 

Second, because of their fundamental importance fhe phenom- 
ena accompanying the flow of heat and the flow oi fluids, fogether 
with the laws governing these opeiation.s aie consideied in defail. 
An intei change of heat is a necessary step in almost evei v eh('imcal 
reaction and must be provided foi adeiiuatelv to msuie eonfmuoiiK 
opeiation. So far as possible we have illustralwi the use of the 
more complex equations with problems stated anti solvtal. 

Third, fuels and their efficient combustion arc treated at con- 
siderable length m order to render clear the important relation- 
ships heie involved. More economical use of fuel will he deman(l«*d 
in the future 

Fourth, processes of crushing and grinding, mechanical methods 
for separating materials, together with filtration in its many 
different forms, are given a descriptive treatment with a maflu'- 
matical analysis when such seems advantageous. 

Fifth, those piocesses depending upon vaporization are tn'aled 
from the common standpoint of vapor pressure ecjuilihria. With 
drying in its many phases we consider also humidification, 
dehumidification and wafer cooling. Evajxiration and ilisfinit- 
tion are placed in separate cliaptera. 

The greater part of the text has for some time Iieen in use as 
students' notes at the Massachusetts Institute of TeelmoJogj-, 
and at times has been drawn upon freely by Iwth staff and students 
in their published papers. 
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XI 


It may seem to the reader that brevity is sometimes sacrificed 
by lepetitioii of ideas, and that the detailed deiivation of mathe- 
matical equations is unnecessanty sepaiated fiom the desciiptive 
matter to which they relate. Experience m teaching this subject 
has proven the desirability of this method of treatment 

This book is the outgiowth of extensive engmeeiing piactice 
111 the course of which we have profited by many ideas offered 
in the way of suggestions, criticism or advice. We have assayed 
these ideas in the crucible of experience, and have endeavored 
to incorporate those found to be of value These contributions 
have come from so many sources tiiat detailed acknowledgment 
here is impossible, but for this very ical help we are deeply 
grateful to our many friends. 

WiLLKM H Walker. 

C\mbeii)(je, Mass. Warrblv K Lewis, 

Fehruwy, 1923 WiLLIAM H. McAdaMS. 
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PRINCIPLES OF CHEMICAL 
ENGINEERING 


CHAPTER I 

ELEMENTS OF INDUSTRIAL STOICHIOMETRY 

Introduction. — Science makes it possible to pi edict the futiiio 
throuj2:h the ability to leason from known facts and conditions, or 
to make a matliematical calculation based upon established data, 
and thus to reach a rational conclusion m advance ot the actual 
realization of the phenomenon. However, the ability to state 
mathematically the relationship between any two or more factois 
frecpiently calls for a knowledge of method of analysis not pos- 
sessed by the average college student or young man in the works 
The English speaking chemical engineer is accustomed to find 
his scientific data given in metric units and to cany on his ]al)ora- 
tory calculations in grams, centimeters and liters. Since the cal- 
culations arising m the (piantitativo application of scientific data 
ami methods m the field of applied chemistry are often in them- 
selves very complicated and involved, it freciuently requires only 
the confusion occasioned by the necessity for converting con- 
ceptions and data foimulatcd heretofore m the metric system, 
into corresponding English terms, to deter the technical man from 
making the attempt. 

It is the purpose of this chapter to recall to the reader the 
principles UfK>n which such estimations arc based, and to point 
out certain methocls of calculation by which experimental data 
may bo more readily interpreted m tenns of factory conditions, 
and mark available for the solution of everyday problems, and the 
confusion occasioned by handling data in two systems minimized 
or eliminated* 
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LAWS USED IN INDUSTRUL STOICHIOMETRY 

Chemical Engineering calculations involve three simple basic 
generalizations of universal usefulness These are the Law of the' 
Conservation of Elements, the Law of the Conservation of I'lnergy, 
and the Stoichiometric Relationships ^ as to combining weights 
expressed in chemical foimulas and equations The impoitance 
of these three laws arises fiom the fact that they are (luant na- 
tively applicable under all conditions, and at least thi' fust and 
third of them aie used, sometimes implicitly, in the course ui evm-y 
chemical calculation. Faraday’s Law of Elcctrolvsi.s is also 
quantitatively applicable under all conditions, but is employed 
only in the solution of a special tjqie of problem 

Other laws or piinciples such as the Law of IVInss Action, of 
Reaction Rate, of the Vapor Piessuie Relations of rtohitions, and 
similar geneializations of Physical Chemistry, aie of onlv limited 
applicability, in the present state of our knowledge, owing to the 
wide deviations from and nonconformity to these laws in some 
cases, and must be employed quantitatively with intidligeiit 
caution Similarly such piinciples as the Second Law of 'riimno- 
d3mamics, the generalizations regarding the eipnlibna and the 
energy requirements of chemical reactions that- follow from if. 
and the like, are again not so fiequeiillv user!, owing in largi* 
measure, no doubt, to the complexity of the calculations involved. 

USE OF ENGLISH UNITS 

Whatever the advantages of the Metric Hystein of units, 
most readers of this book will be comfxilleil to employ English 
units m much of their work. Such iinit.s will therefore !«' fri^idy 
used, and it is hoped to show that the di.Had vantages of carrying 
out calculations m the English system and the difficulties of 
conversion of calculations from one system to the other arc; greatly 
overestimated. 


THE MOLAL UNIT AND ITS UTE-ITY 

Chemical reactions occur between atoms, either alone or when 
combined mto molecules, and these quantitira furnish very eun- 

1 For a statement of these relatmcehips the reader is refcmil to any of 
the standard works on inorganic chemistry. 



IXDUy^TRlAL STOICHIOMETRY 


3 


veiiient units with which to calculate the results of such reactions. 
Thus the eciuation 

0+02 = CO 2 

12 32 U 

slates that one atom of carbon unites with one molecule of oxygen 
and produces one molecule of carbon dioxide. It also states that 
12 paits ])y weight, be they grams, ounces or tons, of carbon, 
combine with 32 parts by weight of the same unit of oxygen to 
furuLsh 14 parts by weight of COs It is a convenience, theiefore, 
to combine these two ideas and speak of a giam atom of caibon or 
a pound atom of carbon, meaning the quantity of carbon in any 
convenient unit of weight which is repicsentcd by the symbol C, 
and to reah:ze that it will combine with a giam molecule, or a 
pound molecule or any unit selected, of oxygen. One can then 
spi'ak of a gram molecule or a pound molecule of any material 
and mean tliereby the number of grams 01 pounds which is ropie- 
sen ted by the lelativc weight of the reacting unit, be it atom or 
molecule. 

But gases are generally measured by volume and analyses are 
given m volume pei cent, while solids are usually measured by 
weight and analyses expressed m per cent by weight. In prac- 
tice, iheiefoie, the aliove ecpiation involves materials usually 
leported m two different ways. It is a convenience, then, to be 
a!)le to use a common basis This is found in the pound molecule, 
or as contracted, the pound moL 

If m 100 cu. ft. of a gas there aie 20 cu. ft. of O 2 and 80 cu ft. 
of N 2 , it contains 20 per cent O 2 and 80 per cent N 2 by volume. 
According to the accepted hypothesis of Avogadio, equal volumes 
of all gases contain the same number of molecules Hence this 
gas contains 20 per cent and 80 per cent N 2 on the basis of the 
number of molemdes present, that is, of every 100 molecules m the 
gas, 20 of them are O 2 and 80 are Ng. Furthermore, Avogadro's 
hypothesis implies that the pressure exerted by any gas at a given 
temperature is proportional to the number of molecules of that 
gas poT unit volume, while Dalton^s law states that, in mixtures 
of gases, the pressure of each individual component is independent 
of the presence of the others and the partial pressures of the 
components are additive, the total pressures being the sum of all 
the partial pressures. Consequently, for mixtures of gases obey- 
ing these two gas laws, the pressure of each component, expressed 
as a percentage of the total pressure, is numerically equal to the 
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mol per cent of that component m the niixtuto and also (o its 
volume per cent 

Consider, for example, the combustion with air ot a c-oke con- 
taining 82 per cent caibon, 1 per cent hydrogim, t pei cent mois- 
ture, and 13 per cent ash by weight Foi cvciy 100 llis of coke 
there are 6 83 pound atoms of caibon, 0 190 pound mols of 
hydrogen and 0 222 pound mols of moistuie The ash m'ed not 
be considered, other than affecting the puuty of the coke, as it, 
does not enter into the calculations .Since for gases volume 
per cent is the equivalent of mol per cent, all quantities aie now 
on a similar basis and the calculations, as wall be shown later, arc 
greatly simplified 

Since equal volumes of all gases contain the same numbet of 
molecules, it is evident that a certain volume may be cliosen, 
such that under standard conditions of temixnature and piessure 
(0° C. and 760 mm.), it will contain just the number of mok'culcs 
necessary to weigh the number of pounds or grams e\iiics'>ed by 
its molecular weight. This volume is found exjxaunenfally to be 
22 4 liters for the gram mol, equivalent to 3.">9 <>u. ft. for tho 
pound mol, and is called the moM volume. Unless oUuun ise noted, 
throughout this book the found mol and pound atom are usi‘d, 
which may be abbreviated to mol and atom, n‘.siM‘ctive!v, 

The molecular weight of a gas is well dcfiiif'd as tlu' vi-ight m 
pounds of 359 cu, ft. of the gas, mcasuied iindci .standard contii- 
tions (S C.) ^ of tcmpcratuie and pnsssme In tlu.s seu.se tin* 
molecular weight (M. W.) of a mixture of gases can 1m> .spoken of 
as well as that of a single gas. TIiu.s air which i.s moisture-free 
has the following average analysis. 

Oxygen . . 20 92 i«*r i*ent by volume 

Nitrogen . . . . 78 1 1 

Carbon Dioxide . 0 04 

Argon, etc. .. 0 90 

The average molecular weight of air or any other gtis mixture 
may be calculated by adding together the widghfs of etn’h com- 
ponent in one molal volume of the mixture tw foilowH: 

‘Throughout the book the abbreviation “H. is used to dwiKmife 
“standard conditions ” 
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C’ompoiieni 

Molh lU 

1 mol an 

Molecular 

Weight 

Pounds m 

1 molal 
volume air 

Oi 

0 2092 

32 00 

6 69 


0 7814 

28 02 

21 90 


0 0004 

44 0 

02 

A 

0 0090 

40 

36 


Total weight of 1 mol of air la 28 97 lbs , 

which for all practical puipoais i.s 29 0 


In most (.‘liemical pioccsses the nitrogen is inert, and is analy- 
tically clotet mined by diffeience, the argon and the traces of other 
nolile gases arc included with it, and the composition of diy air is 
fieciiiently tiiken, for the purpose of such calculations as 20 9 per 
cent ()l>, and 79 1 per cent Ng- The only variable which must be 
cleteimiiuHl experiinontally in each case is the moisture content 
Gas Laws — Sinc-c gases are seldom if ever measured at standard 
eondilioiis, it becomes necessary to know how to find the molal vol- 
ume at cliff ei ent tempc'i aturcs and prcssui es This can of course be 

(lone by the use of the gas equation m the form, pv=iiRT, where 
n IS the number of gram mols of the gas in question, while R is a, 
single constant applicable to all perfect gases, the numerical 
value of which depends only on the particular units of pressure, 
volume, and temperature, (p, v, T) employed 

Oliviously similar relationships must obtain m English units. 
For all gases this gas equation may be written m=l^nT. the 
quantities lieing given in English Engineering units, where p 
is the total absolute pressure in pounds per square foot, v is 
the total volume in cubic feet, T is m degrees Rankine,^ while n 
i.s the mimlier of pound mols of the gas involved in the calculation 
Instead of substituting the proper values in this equation and 
solving for the volume, it is often simpler, as will appear in later 
calculat ions, to find the volume by multiplying the volume of the 
gas at standard conditions by a ratio. The gas equation has the 
advantage whenever work quantities are to be calculated, but the 
constant in the equation is dependent on the units employed, and 
as the units are liable to be of different systems, its use would 


^ Equals “F absolute, iA , ®F +460, 
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entail memoiizmg a number of constants, nccossitafe a fable foi 
the same, or rcqmre a moie oi less labouous eoiueision of unit^ 
each time they are given in a diffeient foim. Therefore matupu- 
lation of the standard molal volume is the easiei opeiation 

If one writes the equation for the gas under any conditions of 
temperature and pressure as 

pa = 1544a r, 

and under standard conditions as 

povo= 1544n7’o, 

dividing the first equation by the second and soh mg for r givi's 

Po I' 
v=vqX—X-^ 
p 1 0 

Since in the correction factors applied to ro in ouler foget r. pc p 
and T/Tq are latios, and tlieiefore contain no unifs, they nun hi* 
expressed m any absolute units of temperature or pressure, so long 
as the units are the same in any one latio 

Instead of memorizing this eiiuation it is well to remembi'r 
only that the volume measuicd mirst be multiplied by an abso- 
lute temperature latio and an alisolule jirossure ralio, and lo 
rely on common sense to determine whether these ratios .should 
be greater or less than unity, according to whether the gas i.s 
passing from a lower to a higher temiKiratiire or a greater to a 
smaller pressure, or vice versa. 

This relationship will be made clearer by the following 
examples: 

The volume of 1 mol of any gas at tlO” F and 780 niin. priwiire is deter- 
mined by the equation 
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The \<)hnne of 25 lbs ot a natmal eontaming 85 pei cent. CH4 and 
15 per (‘ent CbH,, at 20® C and I lb gauge picssuie is tound as follows 
Fir^t, deteimmo the apparent 01 a\erago molecular weight of the gas 
Hince the volume pei cent age composition based upon 100 units is at the 
same time the molal percentage relationship, 

0 85 X lb 07 = Id b5 lbs of methane 
0 15X30 11= 4 52 lbs of ethane 


18 17 lbs of mixture 

Thus 18 17 IS the average inoleciilai weight of this gas mixtuie One lb gauge 
pressuie is <‘quivalent to 15 7 lbs absolute pressure since one standard atmos- 
pheic ccpials 14 7 lbs per sq m Then the volume is 



I low many pounds of (uirlxm dioxide are m 1000 cu ft of dry flue gas con- 
taining 15 per cent (Xb at 500® F , the barometer being 29 2 m of mercury^ 
(Normal barometer in inches of mercury is 29 92 or 29 9 for most calculations ) 



The gas laws in this form are subject only to those limitations 
with which all are famihar. They cannot be applied without 
proper modification to gases^ the molecules of which associate or 
dissocsiate» nor to any gases at high pressures, especially if near 
their points of saturation. However, the errors involved in 
applying thc« laws to the so-called permanent gases up to 15 or 
20 atmospheres or even to saturated vapors up to one or perhaps 
two atmospheres arc negligible for most engineering purposes 
(not over 2 or 3 per cent). Consequently none of the many 
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rcfincinBiits of th© porfcct ga^s ©quation ar© n6c©ssary in most 
industrial calculations 

Heat Fnits. — In the Metric System heat quantities aie meas- 
ured in gram calorieSj and m the English in B t u (British theimal 
units) Because even in English plants the centigiade scale is 
so extensively used, Davis ^ has recommended the use of the 
centigrade heat unit^ (Chu) the heat required to laise one 
pound of water one degree centigrade, which as will piesentlv 
appear has certain advantages m thermal calculations One 
C h u IS obviously 1 8 B t u or 454 gm cal The basic quan- 
tities m determining the energy effects in chemical systems are 
the heats of reaction In the chemical literatuie heats of leaction 
are almost always reported as gm cal per gm mol (oi kg cal pci 
gm mol). Thus the statement that the heat of combustion of C 
to CO 2 IS accompanied by a positive heat of reaction of 97,000 cal , 
means that the combustion of one gm atom of caibon (12 gins ) to 
form one gm mol of CO 2 (44 gms ) liberates enough heat to laisc 
97,000 grams of water 1*" C. Obviously then if one lb atom of 
carbon (12 lbs ) were burnt, forming one lb mol of CO 2 (44 llis ) 
the heat evolved would suffice to heat 97,000 lbs of water 1° C , 
i e., would develop 97,000 C h u. In other words, heats of leaction 
m gm. cal. per gm mol are numerically identical with heats of 
reaction in Chu per lb mol This means that if a chemical 
calculation be carried through, expiessing the quantities of the 
reacting substances m gm mols or gm atoms and the heat effects 
in gm. cal., the same numerical figures apply unchanged to the 
reaction if the quantities taken were Ib. mols or atoms, and the 
heat effects were C h.u By the use of this method, the basic 
data as to heats of reaction can be taken from metric tables and 
used directly and conveniently in calculations in English units. 

If it be preferred to know the heats of reaction in B.t u , these 
quantities expressed in gm cal. per gm mol or atom are con- 
verted to B t u per lb mol or atom by multiplying by 1 8. 

The gas constant, R, m the gas equation pv=nRT, is an energ} 
term, which it is frequently convenient to express in heat units, 
as for example in estimating the heat equivalent of the external 
work corresponding, to „the evolution of any gas against the pres- 

1 Davis, “ Handbook of Chemical Engineering ** 

* Also called the pound-calone (lb cal ), Richards, ^^Metallurgical Calcu- 
lations,'^ or the ^'pound-centigrade unit" (P c u ) 
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sure of the atmosphere. If n be expressed m either gram 
mols or lb. mols, the value of R in heat units is always 1 985 
(approximately 2), the same numerical figuie, in both Metric and 
English umtS; though the heat quantity obtained by multiplying 
by nT is m gm. cal m the Metric system, while in the English 
system it is in B t u if the Fahrenheit temperature scale be 
used or m C h u. if the Centigrade be employed 

Molal Heat Capacities, Gases — A further advantage of the 
use of the mol as unit m calculations lies in the fact that many of 
the physical properties of substances have relatively simple molal 
relationships Thus while the specific heats at constant pressure, 
Cp, of the permanent diatomic gases vary widely (from about 0 2 
to over 3 0) their molal heat capacities^ i e , the heat required to 
laise one mol of these gases one degree in temperature or what 
is the same thing the product of their molecular weights into their 
specific heats, ilfCp, aie, within the experimental error in deter- 
mination, the same foi all of them Similaily, the molal heat 
capacities of SO 2 and CO 2 are identical, and the same is true of 
the halogens, etc These are shown graphically as a function of 
the tern pel ature m Fig 1, p 10 ^ 

In the chemical literature, specific heat data are generally 
given as a function of the absolute temperature on the centigrade 
scale Since the specific heat of a substance is the ratio of the 
heat required to change the temperature of a unit weight of the 
substance one degiee to the heat required to change the tempera- 
ture of water one degree, all units being the same in comparison, 
it IS seen that specific heat has no units However, if the specific 
heat is a function of the tempei ature such as 


1 These curves apply at moderate pressures, and are based on the 
equations of Lewis and Randall, ^‘Thermodynamics and Free Energy of 
Chemical Substances,” McGiaw-Hill Book Company, Inc , New York, 1923 


Monatomic gases 

No, O2, CO, NO, halides 

H 2 

CL2, Br2, I2 
H2O, H2S 
CO2, SO2, N2O 
NH3 
CH4 


ikrCp = 5 0 

504-0 OOlTjc 
= Q 50 4 0 0009 
ikrCp = 7 440 001 Tir 

81-0 0019Tii:40 00000222T| 
MCp^7 040 00717^jc”0 00000186TI: 
MCj> = S 04 4 0 0007Tir40 0000051TI: 
MC^^7 540 005 Tic 


In these equations Tk is in degrees Kelvin Unless extremely high precision 
is desired, or where pure hydrogen is bemg considered, its molal heat capac- 
ity may be considered the same as that of the other diatomic gases Recent 
data indicate that the CH4 equation breaks down at elevated temperatures 
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where Tk is in and it is desired to express it as a 

function of temperatuie on some othei scale, such as °R ^ b is 
divided by 1 8 and c is divided by the square of 1 8 As the 
molal heat capacity is the specific heat times the molecular weight, 
what has been said above in reference to specific heat applies also 
to molal heat capacity, because the moleculai weight is also a 



ratio Thus the molal heat capacity of caibon dioxide, expiessed 
as a function of the temperature where Tk is in degrees Kelvin is 

MCp = 7 0+0 007ir^-0 00000186T1; 
becomes where is m degrees Rankine, 

MCp = 7 0+0 0039T^-0 000000574T|. 

It requires more heat to raise the temperature of a gas at 
constant pressure than at constant volume, because of the addi- 
tional energy required to create the laiger volume. But the 
difference in the molal heat capacity of a gas under the two con- 
ditions IS constant for all gases obeying the gas laws. Numer- 

1 °R means degrees Rankme, namely -f460), not dogices Heamur; 

means degrees Kelvm, °C +273 
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ically this difference is equal to the gas constant R, which when 
expressed in heat units is 1 985, and is independent of the system 
of units employed 

Liquids — While no definite relationship is available for 
correlating the heat capacity data for liquids, it is interesting to 
note that the molal heat capacities (and likewise the specific 
heats) increase with rise in temperature, as shown in Fig. 2 ^ 



Solids — For solids, the Law of Dulong and Petit and the Law 
of Kopp are sometimes useful m estimating heat capacities of 
substances. The former states that atomic heat capacity of all 
solid elementary substances is a constant and the average value 
IS 6 2 at room temperature, although some elements, notably 
carbon, boron and silicon deviate widely from this Furthermore, 
these heat capacities vary with the temperature, in most cases 
increasing as temperature rises, as shown in Fig 3.^ Kopp^s 


^ Data taken from the literature 
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law states that the formal heat capacity (z.e., the heat capacity 
of a formula weight of the substance) is an additive function of 
the atomic heat capacities of the constituent atoms. The follow- 
ing are the atomic heat capacities at room temperatuie of the 
elements tniolid compounds C=1 8; H = 2 3, B = 2 7, Si = 3 8, 
0=4 0, P = 54, r = 5 4, all other elements 6 2 For example, 
the formal heat capacity of pure limestone (CaCO,j) would be 
6 2-|-l 8-1-3X4 = 20 0 as against an obseived value of 20 2 



The specific heat would then be 0 20 These values are, of course, 
empirical constants and deviations of 10 per cent from the results 
calculated and those observed are not uncommon. 

Molal Sensible Heat Content of Gases. — Because of the 
variations of heat capacities with the temperature it is often 
convemenf- to use curves showing the total molal heat content 

1 The use of such curves is quite an advantage m the case of gases such as 
steam and carbon dionde, the heat capacity of which vanes according to both 
the first power and the square of temperature In order to get the correct 
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of gases at different teinperatmes, i e , the heat reqiuied to raise 
one mol of the gas from an arbitrary zeio point (0° C or 32° F.j 
up to the tcmpeiatme in question. These aic plotted on 
logarithmic paper, because this gives constant percentage pre- 
cision throughout the scale Two plots are given, m Fig. 4, the 

Temp.^C 

40 50 60 70 80 90100 ! ‘ 



100 200 300 400 500 600 700 ' 900 1,000 2000 3000 4000 

Fig 4 — Sensible Heat Content of Gases, C h u 

co-ordinates are gm cal. per gm. mol and °C , in Fig. 5, B t.u. 
per lb. mol and °F. The accuracy of plotting the calculated 
values IS within 2 per cent. Taking carbon dioxide as an example, 
the heat required to raise one mol from 70° F. to 900° F. is found 

value of the heat change per mol it is necessary to mtegrate these complex 
equations with respect to temperature Such mtegration is the basis of 
the sensible heat chart described, which is merely a plot of the value of the 
integral, namely the heat content as B t u per lb mol above 32° F 
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by subtracting the heat content at 70*^ F (which from Fig 5 is 
338 B t.u ) from that at 900° F (which is 8750 B t u ) giving 84 12 
B t u per lb mol As a mattei of mteiest, the tiue mean molal 
heat capacity of CO 2 over this range is 8412/830 = 10 14 B tii 
per lb mol; and the true mean specific heat is 10 14/44 = 0 2305. 

Molal Heat of Vaponzation, — Another molal lelationship which 
is often of value where exact data aie wanting is that known as 


TeinD F 

30 40 50 60 70 80 90 100 



100 200 300 400 500 800^)^^1000 2000 3000 4U0J 

Temp'^F 

Fig 5 — Sensible Heat Content of Gases, B t n 

Trouton^s rule. This states that the molal heat of vaporiisation 
(Mr), of the liquid at its absolute boiling point, T, gives a latio, 
MrjT, which is of the same order of magnitude for all liquids. 
In the above ratio M designates molecular weight, r, the heat of 
vaporization per unit weight of the liquid, and T the boiling point 
on the absolute temperature scale. In the French system of 
units one expresses heat of vaporization as gram calories per gram 
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of substance and absolute boiling point as degrees Centigrade 
absolute, while in the English systena the heat of vapoiization is 
expressed m B t u per lb of substance and the absolute boiling 
point in °F absolute Thus it is seen that the ratio Mr/Ti^ 
numerically the same using either set of units, since gram calories 
per gram mol per °C absolute is the same as B t u per lb mol 
per °F absolute The variations from Trouton^s rule are in some 
cases large and it is, as noted, limited to heat of vaporization at 
the boiling point at atmospheric pressure 

A better approximation, one not limited to the boiling point 
at atmospheric pressure, is a variation^ of the rule of Hildebrand 
Hildebrand found a function of the molal concentration 

of the vapoi Usually, however, one is handicapped by not 
having data on vapor densities However, where vapor pressure 
IS low, the vapoi s will follow the gas laws, at least approximately, 
and hence the molal concentration of vapor is proportional to 
p/T At high pressures this relation breaks down, but in 
general the vapor densities are greater than those computed 
by the gas laws and, at comparable values of p/T, the percentage 
deviations are of the same order of magnitude Consequently, 
one would anticipate that Mr/T should be a function of pJT. 
Figure 6^ shows values of Mr/T plotted against lOOOp/T for 
various liquids It will be noted that the curve for water lies 
considerably higher than the data for most other liquids, and 
this IS true of other so-called associating liquids, such as ammonia 
The data for non-associatmg liquids he close together Curve 
3, for benzene, checks the limited data available for paraffin 
hydrocarbons at atmospheric pressure, and is valuable m estimat- 
ing the latent heats of vaporization of the various fractions 
obtained in the refinmg and cracking of petroleum.® 

^ W K Lewis and H C Weber, J Ind Eng Chem , 14, No 7 (July, 
1922), 485 

- W H McAdams and J C Morrell, Ind Eng Chem , 16, No 4 
(April, 1924), 375 

3 The average molecular weight of the fraction may be taken with 
sufficient precision as corresponding to that of the normal alipathic hydro- 
carbon boiling at a temperature equal to the average boiling point of the 
hydrocarbon mixture under consideration The relation between the mole- 
cular weight M of any normal paraffin hydrocarbon and its atmospheric 
boiling point t, expressed m degrees Centigrade, is given by the equation, 
logio AT -[2 51 logio(^+393)]-4 7523 
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Vapor Pressure of Liquids. — In many cases it is necessary to 
interpolate or extrapolate the curve of vapor pressure versus 
temperature The method proposed by Cox^ is quite helpful 
A straight line is drawn at a convenient angle on co-ordmate 
paper The vapor pressures of water are then plotted on a 
logarithmic scale, allowing the corresponding temperatures to 
determme the temperature scale, as shown on Fig 7 by the dotted 
line marked “ Steam ” Usmg these coordinates, data for various 
paraffin hydrocarbons are plotted, giving substantially straight 
lines Smce the latter intersect at a common point, one experi- 
mental point IS sufficient for the estimation of the vapor-pres- 
sure curve of any normal paraffin hydrocarbon 



Pig 6 — Hildebrand Function 


GENERAL DISCUSSION OF STOICHIOMETRIC PROBLEMS 
IN APPLIED CHEMISTRY 

Types of Operation. — The operations or processes of applied 
chemistry can be classified under three heads* ^lj ^XLLt i im ty 
coJitimieus, and a combination of these two , or semi-contmuous. 

1 E R Cox, Jnd Eng Chem , 16, No 6 (June, 1923), o92; see also 
Calingabrt and Davis, Ihtd (December, 1925), 1287. 
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Illustrations of an inteimittent process are the burning of brick 
and p Qltery m the older type of kiln in which, after firing.ld^ 
whole IS all owe d to cool fo r dischnxgnig.^ , t he p roducj; 

tion of coke in bee hive Qvei^, t he pot p rocess for the production 
of nitric ac^ from Chhi saltpeter amd s ulphuric a cid , the recovery 
of oil from seeds m hy draulic pre sses, andJheJik.e Typical of 
continudus'^processes are "the chamber pr oduction^of sulphuric 
acid from s ulphur^, the extractmnjof andamm^ninr-fiom 



Fig 7 — Cox Chart for Extrapolating Vapor Pressure-temperature Curves 

illuminating gas by solut iog^ m suitable solv ents.. the_operaiianJiL 
conlihuous^stllls" a.n d_depbjggmg^^^ columns for the se pamtio-m 
of volatil e solvent's , etc. Continuity of operation offers such 
obvibus^nd marked advantages that it is used wherever prac- 
ticable ^ but m many cases continuity can only be approximated, 
giving rise to semi-continuous operations, as in the intermittent 
firing and cleaning of a handr^red-Jii^r, the operation of a 
‘^ringl^Jnraace, th e manipulation of the leachingj ^anks-nn-^^ 
extraction of black ash or tan bark, the charging of a J blast-£ur- 
nace, a3i3'“fEeTIEce7 Where tEe character of the operation is 
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essentially inteimittent, conti nuity is often appioaclied by tbo 
oombmatipn of a number of units „ope rating simultaneously bujjii 
different stages’ as in jthe coking „of coal m by-product oven^, and 
tE^recoygxySl waste heat m regeneiative chainbeis of lehactoiy 
cEecker work (e g , blast furnace stoves) While this last clasi' 
can beTimted as semi-continuous if the whole piocess, made up 
of the combination of all the unit operations, is undei considera- 
tion, it must be classified as intermittent when one is dealing with 
the individual unit operation 

Those chemical reactions in which a single substance is trans- 
formed into another single substance are comparatively rare On 
one or both sides of the reaction equation there usually appears 
more than one substance Most chemical operations can there- 
fore be conceived as made up of dryeigiog, convnrgm^, or c ross - 
ir^ a nd intermingling strea nis^f--flow Ihvergmg stregfns^ are 
lihistrated by the elec trolysis of a salt solutipri to form caustic, 
chlorine, ai^ ly^rogen, of wate r . (containing caustic) to-produce 
h^^ogen an d oxyge n, in the separation of mixtuies of volatile 
li quids by ^s i-illatio n (alcohol and_ water , benzol and toluol, 
^tc ), by the destruction dystilMiomof -wojod, coal, -and tlxe Hlce 
In each case one stream or substance enteis the process to 
leave by several streams diverging from it Illustrations of 
converging streams are found m the production of vulcani53ed 
rubber by the compounding curing of ,raw^ rubber with 
suT^u[r'~and”^Ti^^ m^eri^s, in the combustion ^of 

ga|epus^eLsi ■~etc:“Here^^ (or more) substances enter the 
process to combine or converge into one substance and thus 
leave by a single stream The^cambustion of coal with air to 
form flue gases ^and ajh^. the reduction and liquefaction of iron 
in the biast^ysac^; roasting of sulphide ores with 

air to form metallic pjadfis and eliminate the sulphur are typical 
of cro^ng'' streams, and in these cases, seyeral».stroams enter into 
an operation, su„ffer chemical combination and transformation, 
croiss and leaye^by several entirely different 

streams 

Balance of Material Involved in an Operation.^ — In the quan- 
titative calculation of problems in applied chemistry it is advis- 
able to start with the following equation . 
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Total Input — Total Output + Accumulation^ oi its equivalent, 
Total Input+Depletion = Total Output, 

accumulation and depletion lef erring to increase or decrease of 
mateiial in the system itself This equality may be applied to a 
single unit operation, or to a whole process made up by the com- 
bination of any number of unit operations It may be applied 
separately to each element entering into the operation or process, 
foi which data are available, and when so applied to a number of 
elements, the equation for each element is not equivalent to, but 
is independent of, the others, provided the data for that element 
were independently obtained. It. may be-applied to the energy 
relations of the systems, and in this form gives another independ- 
ent ^un^tion. It may be applied to the input and output of matter 
as a whole, but this last is obviously not an independent expres- 
sion, being merely the sum of the equations for the various ele- 
ments. The use of this principle is observed in nearly every 
illustiative problem 

In these equalities the only awkward factors are the terms 
accumulation and depletion in the system itself These can of 
couise be determined, but usually with some difficulty. They 
can, however, almost always be eliminated by proper choice of 
dafe-a.nd-mfethdd of calculation. In the great majority of cases 
m industrial practice intermittent operations are^repeated” in 
cycles which recur a relatively large if not an almost indefinite 
number of times, and both continuous and serni-contmuous opera- 
tions function steadily over long peiiods. The possibility of 
accumulation or stoiage of materials or energy in a system or 
apparatus is necessarily limited, and it is usually possible to con- 
trol the amounts in process without much difficulty. If now the 
above equalities be applied over a period of time such that the 
maximum possible fluctuations of amounts in process aie known, 
from the nature of the operation and apparatus, to be negligible 
m comparison with the input and output for the time period chosen, 
then the terms for accumulation or depletion may be dropped, 
giving. Total Input = Total Output This is perhaps more con- 
veniently written, 

Total Input = Useful Output + Losses, or more simply, 

Input = Output + Losses. 
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These equations are used foi two main puiposes, first, in 
testing existing apparatus and opeiations to detoimmo the 
actual performance, and second, m designing new appaiatus and 
in planning new operations for future installation and service. 
This chapter deals primarily with the fiist of these functions, that 
IS, with the methods used to secure data and information which will 
give insight into the present or past operation of an apparatus, 
but the methods employed can be geneially used in the design 
of new equipment, as will be developed later. 

Efficiency— The present peiformance of an appaiatus is detci- 
mined not only by its capaeitv-biLt. bv its efficie ncy and since theie 
can be different kinds of efficiencies, accurate definition of the 
term is essential Thus there can be at least two heat effi- 
ciencies d efined as the__hea;t _utilize_d>y an appaiatus divided by 
its heat mput, or as the heat utilized divided by that theoietically 
capable of utilization There is also the chemical efficiency 
which may be applied to each chemical element m the process 
An example of the chemical efficiency of a process is given in the 
crystallization of a salt, of the impure salt used, theie aic 1000 lbs 
of the pure substance, in the output there are 600 lbs and theie 
are left 380 lbs of recoverable salt m the wash water and mother 
liquor As efficiency is generally defined as output/mput, that 
of this process would seem at fust to be 1 ^ 07 /^X 100 = 60 per cenf,, 
yet since a large amount of the apparent losses are entirely i ecov- 
erable and would be m practice, it is hardly fan to chaigc this 
piocess with such a low efficiency. T her efore the chemical 
efficiency should be defined as the output/mput, where by net 
input IS meant that amount of material which would have to 
be put through the process in order to get the same output. Tlie 

efficiency is then ^QQQ^ 3 gQ X 100 = 96 8 per cent. The 380 lbs. 

IS subtracted from the 1000 lbs. because only 620 lbs. would have 
to be used to get an output of 600 lbs. if the 380 lbs wcie rccoveiod. 
The reason the 380 lbs are not added to the 600 lbs is because the 
output would be changed and the mput of 1000 lbs. would also 
have to be changed to meet the new output. 

Test Period. — The choice of what may be teimed the test 
penod, ^ e , the length of time during which data as to input and 
output must be taken m order to render negligible any accumula- 
tions or depletions m the system itself, must depend on the condi- 
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tions of each individual case, and can usually be estimated easily. 
In intermittent operations, the test period should be at least one 
complete cycle, and in those cases in which a certain amount of 
material is left in process fiom cycle to cycle, as m soap-boilmg, 
must be more than a single cycle. Where practicable it is always 
desiiable to cover a number of cycles to eliminate individual 
variabihty. In continuous processes the test peiiod can be the 
shortei the more uniform the operation, and the less the material 
in process Semi-contmuous operations and processes should, if 
possible, be followed over a time period sufficiently long that 
they may be considered as piactically continuous Thus a boiler 
test must extend over a peiiod of about thirty-six hours, in order 
to eliminate errors due to vaiiations in the amount of fuel m the 
firebox at the beginning and end of the test If test periods of 
adequate length cannot be piovided, correction must be made for 
variations of amounts m process 

Choice of Data to he Secured and Used. — If a test actually 
includes the measurements of every item of input and output, 
then the use of the given equalities (p 19) serves merely as a 
check upon the accuiacy of the measurements Usually, how- 
ever, these relationships are employed to lessen the amount of 
data to be collected and the number of measurements to be made, 
without sacrifice of any infoimation obtainable from the test 
Measurements are restricted to those made easily and with 
piecision, other quantities, which could be directly determined 
only with difficulty, being calculated. For example, without the 
installation of very special equipment, it would be difficult to 
measure the air consumption and the volume of the flue gases in 
a boiler test, while it is easy to measure the coal actually burnt 
and the water evaporated. The first two quantities are therefore 
calculated by use of the above equalities from the other data 
collected. In testing practice it is unwise to restrict the measure- 
ments taken to the minimum necessary for the calculations 
required All data which can be secured with reasonable effort 
should be iecdrc(ed7 because any excess may be used to furnish' 
desirable checks on the accuracy of the other observations. 

In order to get a complete determination of the balance of the 
elements in any operation, the amount and composition of each 
stream entering and leaving, the system must be measured. This 
requires the determination of the quantity and of the analysis of 
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each stream Since, howevei, an independent expiession can be 
set up involving equality of input and output of each element, 
for each such equation formulated it is allowable to omit fiom the 
above one measurement, either of quantity or of composition 
As already indicated, the measurements to be omitted should be 
so chosen that those measuiements which aie actually taken will 
be accurate and easy to make Because analytical deter mma- 
tions are usually easier than large-scale measurements of quantity, 
the former are generally employed to evaluate the latter How- 
ever, it is always necessary to make at least one diiect measure- 
ment of quantrty m order to determine the capacity of any system 

In making calculations of this sort care must always be observed 
to avord the possibrlity of gross error m the result due to insuffi- 
cient accuracy m the measurements made For example, a 
quantity, obtained by subtracting two other quantities nearly 
equal, may itself be very inaccurate, if relatively small eiiois in 
the two latter happen to be of opposite sign The data to be 
taken experimentally should be chosen with this point m mind 

Sampling. — In securing analytical data in connection with 
industrial processes the necessity for proper methods of sampling 
cannot be over emphasized. It is useless to waste time m the 
laboratory carrying out an analysis if the sample is not truly lepre- 
sentative of the stream from which it was taken Indeed, woise 
than this, analytical results on non-representative samples may 
lead to false conclusions 

To be representative a sample should be collected (as nearly 
as may be) continuously during the test period. Where possible 
the amount of sample withdrawn should be propoitional to the 
volume of the stream at each point of time The sample should he 
withdrawn not at one point in the stream but at a number of 
points well distributed over its cross-section except m those cases 
where the stream is known to be uniform (a , a gas that has trav- 
eled some distance or around a number of obsti uctions) These 
conditions imply the collection of large samples and these must be 
sub-divided before analysis It is not difficult to get complete 
mixing of a large sample of gas or homogeneous liquid and the 
removal of the ultimate sample for analysis involves no difficulty. 

The sampling of solid materials is an entirely different problem. 
Because of the tendency of the large lumps of the solid to separate 
from the fine material the sample must be crushed before sub- 
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division (quaitenng) Even thus a satisfactory analytical sample 
can be obtained only by successive sub-divisions with most 
thoiough mixing before each successive quaitenng The laigest 
individual paiticle m the mass must be extiemcly small compared 
with the sample betoie quartering is undei taken It is frequently 
difficult to 1 educe the whole onginal sample to a powder and to 
meet this requirement m such case the sub-division must be 
1 e-ground as the sample gets progressively smaller Mechanical 
samplers aie on the market and are desirable because they reduce 
the human element m collecting the sample 

General Methods of Calculation — There are certain practical 
suggestions and methods which, while theoretically adding nothing 
to the preceding generalizations, are none the less worth mention- 
ing These are m the natuie of tricks in computation, which, m 
many special cases, simplify not only calculations but sometimes 
experimental work as well 

It frequently happens that some one element taking part in a 
chemical opeiation enteis solely by one stream and leayes solely 
by another This is true, for example, of the sodium in the 
electrolysis of salt, of the nitrogen in a blast furnace, and for all 
practical purposes of the nitrogen in the combustion of coal It 
is obvious that, if the quantity of one of these streams be known, 
the amount of the other can be obtained directly from analysis of 
the two for this one element Furthermore, if the analyses of the 
two streams be complete, the quantities of all other elements 
present m each of them can at once be calculated. This idea is 
utilized by illustrative problems on pp 28 to 35. 

Where an element enters and leaves mainly by a single stream, 
the same method is advantageously employed, merely correcting 
for divergencies. Thus, m the furnace combustion of coal, the 
carbon enters mainly m the solid fuel, the amount of which is 
measured and the caibon content determined by analysis. The 
carbon leaves mainly m the flue gas, that small portion remaining 
m the ash as unburnt combustible being determined and correc- 
tion made for it This gives immediately the amount of the flue 
gas. The nitrogen of the flue gas coming mainly from the air 
(the nitrogen of the fuel is usually negligible in companson), one 
can immediately calculate the quantity of air used for combustion. 
It will be noted that the carbon and the nitrogen are used to 
determine the ratios of the volumes of corresponding ingoing and 
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outgoing stieams The use of single elements oi components for 
such a puipose is often possible, and offeis maikecl sinipli&oation 

m calculation 

The stoichiometiic lelations known to exist fiorn the natuic ot 
the reactions taking place in a given case often gieatly simplify 
the problem, and make possible important quantitative deductions 
Thus the analysis of a flue gas from the combustion of coal shows 
certain amounts of CO 2 , CO, O 2 and N 2 Since pi actically all the 
N 2 came from the air, one can directly obtain the amount of Oz 
that came with it The total O 2 shown by the flue gas analysis, 
including both free and combined, is always less than that entering 
in the air Fiom our knowledge of the chemical composition of 
coal, we know that almost the whole of this deficit must have 
been used up in the combustion of hydrogen in the fuel This 
difference between oxygen coiiesponding to the nitiogcn and 
oxygen appearing in the analysis’- must, theiefoi'c, coriespond to 
and be a measure of the combustible hydrogen m the coal The 
analysis of the flue gas is in this case m a very real sense equivalent 
to an analysis of the fuel itself (See illustrative pioblems on 
pp. 28 to 33 ) While such definite reaction relationships aic of 
the greatest value where they exist, there aie many cases where the 
number of possible side reactions is so gieat and the extent to 
which they take place so uncertain that the stoichiometiic lela- 
tionships implied in the chemical equations lose much of then 
utility This is very likely to be the case in organic reactions, but 
even in inorganic problems it is imperative to formulate and in the 
calculations to provide for all side reactions which can appreci- 
ably affect the result. These liimtations must not, however, 
mabe one fail to use these relationships where really applicable 

As in stoichiometric calculations in analytical chcmistiy, it is 
unnecessary that the chemical equations employed correspond to 
the exact mechanism of reaction Any combination of the actual 

1 It must be kept m mind that a gas analysis in which the gases aio kept 
saturated with water vapor whenever measurements aic made (as is almost 
universally done) automatically ehmmates the water vapor fiom the lesiilts, 
and gives directly the composition of the water-free gases The reason for 
this IS, that although the volume of the gases is increased by the presence of 
the water vapor, the mcrease is at all times the same fraction of the total gas 
volume It IS as though the analysis were earned out at a pressure lower than 
that actually used by an amount equal to the constant vapor pressure of the 
water See also page 226 
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reaction steps, even though elinamatmg intermediate but com- 
pensatory stages, can be used, e g , leactions in aqueous solutions 
need not be written in ionic foim in the calculation of quantities 
of precipitates, volumes of solutions, and the like. 

Basis of Calculation. — It is compaiatively seldom that a com- 
plete balance of input and output is made m connection with an 
industrial operation or piocess, but much more frequently intei- 
pretation of paitial results is desiied Usually these results are 
the analyses of different streams Such analyses are almost never 
diiectly comparable, as will appear in a complete balance of input 
and output, and direct compaiison may lead to gross error 
This IS because analyses are usually reported in per cent of the 
stieam in question, and it is obvious that analysis alone cannot 
show the relation between the volume of that stream and that of 
any othei 

An illustiation will make this point cleai A diier is deliver- 
ing one ton an hour of a product containing 20 per cent of water. 
The wet charge enteiing the apparatus for drying carries 60 per 
cent of water How many pounds of water are evaporated per 
hour*^^ The fiist impulse may be to say that the water decreases 
from 60 to 20 per cent, that is, by 40 per cent. But the first two 
figuies have no direct relation to each other, because they do not 
refer to a common basis. The weight of material entering, of 
which water is 60 per cent, is greater than the 2000 lbs. of material 
leaving. It is believed that difficulties of this sort are best avoided 
by reducing the analytical results to a common basis in order that 
direct comparison may be made Where, as m the case cited, 
there is a common component which both enteis and leaves by a 
single stream, and there is no accumulation or depletion of that 
component dunng the process, the amount of that component 
passing through the operation m a given time must be the same m 
both analyses, and hence may serve as a constant basis of com- 
parison This unidirectional component is, in this case, the dry 
material itself If, theiefore, the analytical lesults be expressed 
as ratio of watei to dry material, ^ e , 0 25 in the dried product 
and 1 50 in the wet, the difference, 1 25 truly represents the water 
evaporated per pound of dry material Since the dry material 
is 80 per cent of the product or 1600 lbs per hour, the evaporation 
is 1 25 times this, or 2000 lbs. per hour 

The concept of the preceding paragraph may be expressed by 
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the following rule Wheie there are umdiiectional elements or 
components m an opeiation, express compositions e , analyses) 
as latios to these elements. 

It must be admitted that the method just outlined, m cases 
where the flow of all components is complicated, becomes veiy 
involved However, it is so frequently applicable, and wheie 
applicable is so direct, that it is advisable to form the habit of 
using it. 

To be sure this same problem may be solved without recalcu- 
lation of the analytical data to a new basis Call y the 
weight of wet material entering the drier Equate input of dry 
material to output 

0 402/ = 0 80 (2000) 
whence 2 / = 4000 

Evaporation = loss in wt =4000—2000 = 2000 lbs. 

The basis of such a calculation involves the concept not only 
of quantity but also of time For example, m the piecedmg cal- 
culation the time basis was one hour The time basis of calcula- 
tion may be the duration of a test, or any convenient unit Elo- 
quently the time basis may be implicit, and its actual value 
unknown, e g , the time necessaiy to produce a certain quantity 
of product or to consume a certain amount of law matciial 

Not infrequently one must, at the stait of the computation at 
least, employ two or more bases, but effort should alwa^^s be 
directed to reducing them to a common basis Indeed, when an 
analysis is reported m per cent, it represents the arbitiaiy choice 
as a basis of 100 parts of the particular substance, oi stream, 
analyzed, and mferentially the acceptance as a time basis of the 
peiiod required for the development or passage of 100 parts of 
that particular stream. 

When one is dealing with crossing streams, it often occurs that 
some element or component passes from one stream to the other, 
either completely or in part, such an element can be made the 
basis of computation for determining the ratio between the two 
streams For example, m the blast furnace a stream of solids, the 
composition and amount of which is known from the records of 
the furnace ordinarily kept, flows down through the furnace and 
out as two separate streams of slag and pig iron. Up through 
the furnace flows a stream of air, leaving as tunnel-head gas. 
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The latio of an to tunnel-head gas is detei mined by the nitrogen, 
the common component The ratio of charge to pig is similarly 
detei mined by the non The latio of these two streams to each 
other can be determined by either carbon or oxygen^ both of which 
pass from the charge to the gas stream If carbon be used, allow- 
ance must be made for carbon left in the pig, as found by analysis, 
if oxygen be employed, that enteiing m the air, and that in the 
unreduced part of the charge must be taken into account 

It IS advisable to wiite at the head of the computation the basis 
employed, to indicate clearly change to a new basis, transformation 
from one basis to another, and the ratios by which such trans- 
formations are effected Tabulation of figures is a great help 
towaids brevity and clearness 

Missmg Data. — Finally, it must be pointed out that the cal- 
culations of applied chemistiy often require the making of assump- 
tions and approximations In industrial work it is frequently 
impracticable, on account of inconvenience, expense or inter- 
ference with plant opeiation, to make all the measurements 
necessary foi a complete determination of the quantities which 
it is desiied to evaluate In such cases it is the part of good 
judgment not to give up, but to make wisely such simplifying 
assumptions as are justified by the conditions, and on these, utiliz- 
ing data already available and such as can readily be obtained, 
base a quantitative estimate, always keeping in mind the limita- 
tions in accuracy imposed by the assumptions made 

General Procedure in Solving Problems. — In the solution of 
problems the following steps will be found helpful: 

1. Sketch a diagrammatic flow sheet of the process 

2. Write the chemical equations involved. 

3. Indicate the basis (or bases) of calculation 

4. Tabulate the data, and the intermediate steps in calculation. 

In simple cases the formal writing out of the first two may be 
omitted 

The application and utility of certain of the general principles 
outlined above is illustrated by the three problems following, 
the first concerns the combustion of fuel oil, while the other two 
relate to the production of sulphur dioxide gas by burning sulphur 
with air, and the absorption of the sulphur dioxide m milk of lime. 
Additional illustrative problems are given on pp. 241 to 245, 
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Ilustration I.— A boiler furnace burns fuel oil with diy an at 40° F and 
at a barometric pressme oi 30 1 in of meicuiy The average Oisat antilybiB 
of the flue gas is 12 9 per cent CO2, 3 8 pei cent O2, and 83 3 per cent N2 and 
the temperature of the flue gases at the base of the stack is 560° F Assum- 
ing ’ the oil to contain only carbon and hydiogen, calculate 

(1) pel cent excess air , 2 

(2) the wt per cent of carbon m the oil, 

(3) cu ft of air per lb of oil, 

(4) cu ft of flue gas entermg the stack per lb of oil, and 

(5) the partial piessure of watei vapor in the stack gases 

Solution — (1) Smee the analysis of this particular fuel oil is unknown, 
the oil cannot conveniently be made the basis of calculation The analysis 
of the flue gas is known and can therefore be made the basis Considci 100 lb 
mols of the flue gas as analyzed, ^ e , on the dry basis ^ Foi the purpose of 
calculation the distribution of the individual elements may be taken as shown 
in the following tabular form 


Gas 

Mols 

Atoms C 

Mols 0. 

1 Mols N. 

CO2 

12 9 

12 9 

12 9 


Oi j 

3 8 1 


3 8 


Ni 

83 3 



1 83 3 

Totals 

t 100 0 

12 9 

16 7 

83 3 


It IS seen from the above that the ratio of total Oi to Nj in the flue gas 
(16 7/83 3) IS less than that in the air (20 9/79 1) This is due to the fact 
that part of the oxygen commg from the air has united with the hydiogcn of 
the oil to form water vapor, which does not show in the Orsat analysis 

Neglectmg the small amount of nitrogen m the oil, as indicated above, all 
the N2 m the flue gas must have come from the an, hence, the an used is 
83 3/0 791-105 2 mols (Thus, a '^nitrogen balance” is used to deteimme 
the air used ) 

Since the dry air contams 20 9 per cent O2 by volume, the O2 entciing the 
furnace amounts to (0 209) (105 2) =22 0 mols But the total Oi in the di v 

^ This assumption has been made to simplify the calculations The oil 
actually contains a small percentage of nitrogen, sulphur, ash, etc , but it can 
be shown that the above assumption introduces little eiior This rs because 
the volume of the nitrogen commg from the oil is so small relative to that of 
the nitrogen from the air used Similarly, the nitiogcn in coal, coke, and 
wood may be neglected without serious error In the case of the combustion 
of producer gas the nitrogen cannot be neglected without introducing a con- 
siderable error 

2 This will be discussed further m the chapter on ‘^Combustion ” 

®See p 24 
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flue gas IS 16 7 mols, hence the difference, 22 0-16 7, or 5 3 mols of O2 has 
disappeaied to foim 10 6 mols of water vapor, thus burning 10 6 mols of 
hydrogen (Thus, an ^‘oxygen balance” is made to deteimine the oxygen 
used m burning hydiogen ) 

‘‘Percent excess an” refcis to the an used in excess of that theoretically 
needed foi complete combustion, compared to that theoietically needed for 
perfect combustion If one deals with O2 coming from the air, excess air may 
be mteipreted in teims of ‘‘O2” mstead of ‘^air,” and this is convenient 
The unnecessary O2 from the air per 100 of necessary O2 from the air may be 
calculated m several different ways 

unnecessary (3 8) (100) 

^ = 7 — - - = 20 9 per cent, 

total— unnecessary (22 0—3 8) 


unnecessary 

necessary 


(3 8) (100) 
(12 9+5 3) 


= 20 9 pel cent, or 


total — necessary 
necessaiy 


[22 0~(12 9+5 3)] (100) 
(12 9+5 3) 


= 20 9 per cent 


It will be noted that these aie not independent methods but merely 
vaiious aiiangements of the same figures 

(2) Since the weight of the oil equals the weight of the carbon (12 9) (12) 
plus the weight of the hydiogen (10 6) (2 02), the per cent caibon by weight 
m the oil IS readily calculated 

(12 9) (12) (100) (154 5) (100) ^ 

(12 9) (12) + (10 6) (2 02) 154 5+21 4 

This figure is not required m further calculations, but it selves as a rough 
check on the accuracy ol the flue gas analyses, smee it should compare well 
with that usually found m fuel oils, as it does m this case In passmg, it should 
be noted that the atomic ratio of carbon to hydrogen found, 12 9/(2) (10 6) = 
0 609, is higher than showing that the oil contams carbon in excess of that 
indicated by the foimula (CH2)n 

(3) Since the weight of oil is 175 9 lbs and the dry air on this basis is 
105 2 mols, the air used per lb of oil may be readily calculated. 



(4) The mols of flue gas entermg the stack will contain the 100 mols of 
dry gases (CO2, O2, and N2) plus the 10 6 mols of water vapor, a total of 
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110 6 mols oi wet flue gas The volume of stack gases per lb of oil is calcu- 
lated as follows 



(5) The paitial pressuie of the water vapor m the stack gases is leadily 
calculated, remembering Dalton’s Law 


p = 30 1 


10 6 
110 6 


= 2 88 in of mercury 


Illustration 2 — The gas from a sulphur burner shows on analysis 17 4 per 
cent SO2 and 2 7 per cent O2 The air enters the burner at 60® F , and the gas 
leaves it at 760® C The gas is now cooled to 70° F m a lead pipe coolei, 
using cooling water at 58° F , which uses to 90° The sulphur burnt is 99 4 
per cent pure, and the hourly consumption is 680 lbs Neglect any moistuie 
m the enteiing air, and assume baiometer to be noimal 


(1) What is the amount of SO2 leaving the burnei m lbs per hour'!’ 

(2) What is the air consumption in cu ft per mm 

(3) What IS the volume of gas leaving the burnei and the cooler in 

cu ft per mm 

(4) What is the heat dissipated from the burner m B t u per hour'i^ 

(5) What IS the water consumption of the cooler in gals per hour'!’ 


Solution — Turnmg attenton first to the gas analysis, it must be boine m 
mind that any SO3 formed durmg the combustion does not show up m the gas 
analysis, being condensed and removed as H2SO4 by intei action with either 
the moisture m the original air, or the water used to saturate the gas sample 
prior to analysis Furthermore, it is a convenience to imagine the analysis 
applied, not to the small sample originally taken, but to 100 mols of the gas 


Basis 100 Mols of Gas as Analyzed 


Gas 

Mols 

Mols of O2 
accounted foi 

Atoms of S 
accounted for 

SO2 

17 4 

17 4 

17 4 

O2 

2 7 

2 7 

0 0 

Ni (etc ) 

79 9 

0 0 

0 0 

Totals 

100 0 

20 1 

17 4 
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Total Oi fiom air (coiiespondmg to N2) = (79 9)^^-^ = 21 11 mols 

O2 unacroiinted for m gas analysis = 21 11-20 1 = 1 01 mols O.o ^ of 1 01 = 
0 67 mols SO2 foimed 

Since foi 17 4 mols SO2 pioduccd, 0 67 mols of SO2 aie formed, 3 7 per 
cent of the total sulphur burnt goes to SOt 

In ordei to secure the information required, it is now best to adopt the time 
basis indicated in the questions themselves 

(1) Ban^ — One hour of operation 





The gas leaving the cooler is found by correcting this last result for the 
temperature change, to be 756 cu ft Were moisture present, the SO3, the 
volume of which it will be noted was added to that of the gas as analyzed, 
would condense out at this low temperature as H2SO4 

(4) — 100 mols gas as analyzed = 100 67 mols total gas (including 

SO3) 

The heats of reaction may be taken from the data of Berthelot 
8+02-802 4-69,300 cal ; S+li02= 803+91,900 cal 
The heat evolved is, therefore, 

17 4(69,300)40 67(91,900) = 1,268,000 C h u 
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The sensible heat carried out by each gas is its total heat pci mol at /60 C 
less its total heat at 60° F (15 6° C ) multiplied by its mimbei ol moK 
(See Fig 4, p 13 ) The total heat of SOi is not available, but thcic will be 
no serious error if its molal heat capacity be taken as 10 


Heat Content ^ of Gas Leaving Burner (C h u ) 


Gas 

Mok 

Total Heat 1 

1 

Diffcience 

Product 

At 760° C 

At 15 6° C 

SO2 

17 4 1 

8100 

138 

7962 

138,600 

SO3 

0 67 

7600 

156 

7444 

5,000 

N24-O2 

' 82 6 

5400 

107 

5293 

I 

437,200 

i 

Total heat 1 em. 

ammg in \ 

?as 



i 580,800 

1 


The heat dissipated m the burneis is that evolved (1,268,000 C h u ) loss 
that earned out by the gas (580,800 Chu) =687,200 Chu =1,237,000 
Btu This, however, is per 100 mols of gas as analyzed, oi 17 4-1-0 67 = 
18 07 mols sulphur burnt Since the mols sulphur burnt per hour aie 

680(0 QQ ^ _21 06 mols, the heat dissipated per houi is 
32 07 

(1,237,000) ^ - = 1,442,000 Btu per hour 

(18 07) 

(5) Basis = 100 mols of gas as analyzed 


Heat Content ^ of Gas Leaving Cooler (Chu) 


Gas 

1 

1 

Mols 

Total Heat 

Diffcience 

1 

Pioduct 

1 

At70°P 

1 

At 60° F 

50 2 

50 3 

Heat above 60° F 

17 4 

0 67 
82 6 

carried c 

18G 5 

211 

143 3 

)ut by gas at 

138 3 

156 

106 6 

70° F 

1 

( 48 2 

55 

36 7 

838 

37 

1 3030 

3905 


1 Above 60° F 
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Since the gas eiitcis the cooler with 580,800 C h u and leaves with 3905, 
it gives up to the cooling water 576,900 C h u per 100 mols of gas as 
analyzed, oi 

576,900^ — = 1,210,000 B t u per hour 

Since the cooling watei uses 32°, the houily lequirement is 37,800 lbs =4540 
gals 

Illustration 3 — The gas from this burner is absorbed in a milk of lime, to 
foim bisulphites, in a tower m which the milk flows counter current to the 
gas The gas leaves the towei at 76° F , containing by analysis 2 8 per cent 
O 2 and no SO 2 The bisulphite liquor produced is 7 05 per cent total SO 2 , of 
which 1 15 pei cent is ^Tree,” the lest, 5 90 per cent being present as bisul- 
phites The dolomitic lime used is 82 per cent CaO and 16 per cent MgO 

(1) What is the volume of gas leaving the absorption tower per minute'? 

(2) What IS the consumption of lime and of water to slake it per hour*? 

(3) How much bisulphite liquor is produced per hour*? 

Solution — (1) Basis — One minute 



It must, howevei, be remembered that this gas is saturated with water 
vapor (the vapoi-picssuie lowcimg of water m a saturated hme solution being 
negligible) The partial pressuie of the water vapor is, therefore, 22 7 mm , 
whence the total volume is 


624 


(760) 

(760-22 7) 


= 643 cu ft 


(2) There is available the analysis of the gas entering the tower and of 
that leaving it The nitrogen in this gas is practically unchanged, it could 
disappear m no way other than by solution m the bisulphite liquor Its 
solubility in water is so slight as to render this loss negligible, and it is not 
unlikely that the water employed is more or less saturated with N 2 , thus 
rendering this error even smaller The nitrogen is, therefore, a suitable 
basis for comparison of the gas entering and leaving 
Basis — 100 mols N 2 


Ratio to 100 Mols Nitrogen 


At Exit 
None 

2 8/97 2 = 2 88 


Component 

SO 2 

O2 


At Entrance 
17 4/79 9 = 21 78 
2 7/79 9= 3 38 
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On first thought, it might be said that the ratio of oxygen to nitrogen 
should be the same at exit and entiance There is, however, a noticeable 
decrease, which must be due to oxidation of SO 2 , a reaction which does take 
place appreciably m dilute solution This decrease of 3 38 — 2 88 = 0 50 
O 2 will oxidize twice that amount of SO 2 , 01 1 00 mol 01 the total SO2 
entermg the tower, therefore, 1 00/21 78, or 4 59 per cent is oxidized to SO3 
Since only 96 3 per cent of the sulphur burnt enteis the absorbei as SO2, 
the oxidation in the absorbers is 4 59 per cent of this, or 4 42 per cent, making 
a total of 8 12 per cent of all the sulphur burnt which goes to SO3 All this 
enters the absorber, smce the air is dry Were it damp, the first 3 7 per cent 
would be condensed m the coolers as dilute H 2 SO 4 


Basin — One hour 



Mols of CaO =— =1 463 

56 

Mols of MgO = ~ . = 0 397 

4:U O 


Mols of Total Oxides 
Basis — One hour 


= 1 860 
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To get the various components in the liquoi 


Lime = 


(8 10+1 71) (435) 
(8 10 ) 


527 lbs lime 



Total weight of solids = 1905 lbs 
1241 

Total weight liquor = 17,600 lbs 
(N B This IS the answer to question 3 ) 

By diffeience, water m liquor = 15,700 lbs To this must be added the 
water picked up by the gas, certainly small, but calculated as follows 




CHAPTER II 


FLUID FILMS 

It has long been known/ though not geneially appreciated, 
that when a gas or a liquid moves over a solid surface, or w^hen a 
gas moves across a liquid surface, there exists a film of the moving 
substance upon the surface of the stationary one, of a character 
entirely different from that of the mam body of the fluid This 
fluid film forms a boundary or zone between the poition which is 
rapidly moving and that which is still, which acts towards the 
transportation of heat, vapor, and matter as though it were a 
separate material Its properties are so conti oiling in many 
engineering processes that its presence and chaiacteiistics must 
be clearly recognized 

In a gaseous space of reasonable size, owing to the absence of 
appreciable frictional resistance, motion of the gas is extiemely 
free and rapid Any diffeience m pressure is rapidly and com- 
pletely equalized Differences in tempeiatuic also tend to 
disappear, due to mixing by convection With liquids the same 
conditions exist, but owing to the increased resistance to motion, 
equalization is less perfect 

In contradistinction to this ease of motion by convection 
within the fluid body, motion near the containing or limiting 
surface is of such a charactei that, compared to the mam body 
of the fluid, this film may be considered stationary Consider 
the case of continuous flow through a conduit A plot of the 
motion of the gas as determined by the distance fiom the con- 
taining wall IS shown in Fig 8 ^ At the boundary wall itself 
there is no motion of the fluid As one progresses from the wall, 
the velocity of motion of the fluid increases, but in the neighboi- 

^ The first mention of the water film was made by Peclet, Traite d(^ la 
Chaleur,” Chap VIII, p 131, 1844 Since that time the presence and 
properties of such films have been verified by others, moie paiticulaily by 
Langmuir in 1912 {Phys Rev 34, 421), who, working with gases, demon- 
strated the effect of velocity upon the thickness of the film, and upon heat 
transfer. 

2 Based on the data of Stanton, Marshall, and Bryant, Ptoc Roy 
Soc , Ser A, 97 (1920), 413 

B6 
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hood of the wall each element^ of the fluid flows m a path paiallel 
to the wall, having essentially no component of velocity at right 
angles to the wall As one goes further from the wall, not only 
does velocity increase but also a point FG is finally reached at 
which the whole character of the motion changes The elements 
of the fluid now begin to travel in forward-moving spirals The 
net motion is still parallel to the surface, but the path of any one 
particle has a laige average component at right angles to the 
surface This complex motion obviously has a marked mixing 
effect on neighboiing layers of the fluid and is described as 
turbulent 

Hence there exists on the boundary surface of a moving fluid 
a creeping film, traveling parallel to the surface at a speed con- 
sideiably smaller than the average velocity of the fluid relative 
to the surface, but chaiacterized preeminently by the fact that 
all bulk motion in this film is parallel to the suiface and with no 
turbulent oi mixing motion of the fluid elements Consequently 
any motion through this film at right angles to the surface must 
be by the slow processes of diffusion While all parts of this film 
other than that in immediate contact with the surface actually 
creep along the wall, it is easier to visualize the film as a stationary 
body of fluid and practically always allowable to do so Where 
the motion of the main body of liquid past the surface is appre- 
ciable, this film IS usually very thin 

When heat passes from a solid to a gas, for example, from a 
steam pipe to air, it can travel by conduction and diffusion, and 
to a very small amount by convection A molecule of the gas 
strikes the steam pipe and is thrown off with greater velocity’', 
1 € , greater kinetic energy If it strikes another molecule and 
imparts gi eater velocity to it, and this one to another, heat is 
passed out from the pipe by conduction If this original hot 
molecule by its own motion passes out to the surrounding space, 
it carries heat by diffusion If this molecule with many others is 
carried away from the surface of the pipe by a bodily movement 
of a quantity of gas, it carries heat by convection Heat traverses 
this stationary film, however, by only conduction and diffusion 

^ Such an element is a very small body of the fluid but contains many 
molecules Each molecule has its own irregular motion, but the whole 
group of molecules composing the fluid element moves as a unit, just as a 
raindrop falls vertically through quiet air, despite the irregular motion of 
the water molecules in the drop 
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and IS controlled by the laws governing these processes biiite 
in this case it is expennientally impossible to distinguish between 
true conduction and diffusion, the two arc considered togethei and 
the term conduction applied to their combined effect Of the 
total heat transported that lost by radiation is independent of 
the nature of the gas film (see pp 160 to 171) 

Vapor from liquids (or solids) can escape through this gas 
film only by diffusion A molecule is thrown off from the surface 




Fig 8— Velocity Distribution for Isothermal Flow in a Circular Pipe 


of the liquid and must work its way through the molecules of the 
gas forming the stationary film until it reaches the outside of the 
film and can be caught up and carried away by the convection 
currents there existing 

Where the mam body of the fluid is flowing over the surface of 
the sohd or liquid, the rolling or turbulent motion, existing at the 
surface of the boundary film, will wear away or rub off a portion 
of it, causing what amount to convection currents to strike more 
deeply into it The thickness of the film is thereby decreased 
and any action resultant upon the presence of the film will be 
influenced accordmgly. 
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This conception of a stationary film of gas or liquid is useful 
in the majority of operations m chemical engineering Detailed 
applications of the idea will be made in the chapters dealing with 
the absorption of gases from gaseous mixtures by liquid absorbing 
agents, the removal of volatile from non-volatile material by 
passing through it a stream of air or other gas, the solution of 
solids by liquids, and those devoted to the transfer of heat in its 
ma^ foims Such phenomena are best explained by the assump- 
tion of the existence of the resistant film Langmuir’^ has shown 
experimentally that such a film exists upon a hot silver plate to 
the depth of several millimeters (see p 147) Under conditions 
wheie radiation was reduced to a minimum he slowly moved a 
delicate thermocouple from the surrounding air towards the plate 
As long as the couple was more than a certain distance from the 
surface it remained practically constant, registering the tempera- 
ture of the air rapidly moved about by convection currents 
When it reached a definite small distance from the surface, the 
teinpeiature began to rise progressively and quickly, finally 
leaching that attained when in contact with the plate From the 
observed heat loss, corrected for the slight amount of radiation 
from the silvei, the effective thickness of air film necessary to 
account for the loss was calculated as approximately 4 mm 
The point at which the temperature starts to rise indicates the 
outer surface of the film, which in still air was from two to four 
mm from the surface of the plate 

A theoretical consideration of the flow of gas through a capil- 
lary tube led Poiseuille to formulate a law which states that the 
volume of gas flowing through such a tube varies directly a s the 
fourth power of tEe inside diameter of the tube The derivation 
of this law IS based upon the assumption, first that the mam body 
of the gas assumes straight line flow rather than rolling or turbu- 
lent motion, second, that the friction is proportional to the 
relative slip of one layer of the gas on the next one to it, and 
third that there is no slip at the boundary wall The fact that 
careful experiments with very narrow capillary tubes show this 
law to be quantitatively exact proves that the assumptions are 
correct, whence it follows that there is no flow in immediate 
contact with the wall 

1 Trans. Am. El$ctrochem Soc , 23 (1913) 



40 


PRINCIPLES OF CHEMICAL ENGINEERIEQ 


The mechanism of the diffusion of the vapor of a liquid from 
the liquid out into an inert gas (e q , air) with which it is in con- 
tact may be represented by the accompanying Fig 9 Assume 
the hne OA to represent a section of the surface of a volatile 
liquid in contact with air, the entire system being kept at constant 
temperature The line OB represents the distance out into the 
air from the surface of the liquid and the line HK repiescnts the 
outer surface of the stationary air film In the direction OA, 
starting at the point 0 as an origin, the partial pressure of the 
liquid in question is plotted The vapor pressure of the liquid at 
the temperature at which it exists is indicated by the point C 
The partial pressure of the liquid in the mam body of the an is, 
however, lower, as indicated by the point D In the main body 
of the air the convection will keep the vapor so well mnxed with 
the air that the partial pressure of the liquid will bo practically 
constant, as indicated by the level of the horizontal line DE 
Through the air film the vapor is not mixed by convection but 
passes by diffusion only This diffusion will be pioduccd by a 
partial pressure gradient, CD, but when the vapor has passed 
that film it wdl be mixed with the lest of the body of the air by 
convection, maintaining the constant partial piessurc DE 
throughout the rest of the gaseous space 

If the air be inclosed and limited in amount, the continueil 
diff usion of vapor into it will raise the partial pressure of the vapoi 
until it reaches the value FG This will have a corresponding 
effect on the pressure gradient through the stationary film, which 
IS now represented by the hne CF This rise in partial pressuio 
of vapor in the air will continue, the giadient through the suiface 
film becoming less steep and diffusion therefore slower, until 
ultimately equilibrium is reached when throughout the gaseous 
space the partial pressure of the liquid has reached the value C 
Let the total pressure in the space be represented by the hori- 
zontal line LM If not inclosed this will be constant at every 
point in the air whether near the liquid surface oi not Since at 
the surface of the liquid the vapor pressure of the liquid is equal 
to OC, the partial pressure of the air must be equal to OL minus 
OC or ON. Similarly, m the main body of the am the partial 
pressure of the air will be equal to OL minus HD or will be repre- 
sented by the horizontal line PQ. The partial pressure of the 
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ail m the station aiy surface film will therefore be represented by 
the line NP In other words, the partial pressure of air at the 
surface of the liquid is less than its partial piessure further out 
from the suiface Air does not, however, diffuse into the liquid, 
despite the existence of this pressure gradient, because of the 
impact against the air molecules of the vapor molecules driving 
out fiom the suiface This pressure gradient of air is maintained 



Fi(i 9 — Diagram of Partial Pressures in a Fliud Film 

by a dynamic equilibrium controlled the frictional resistance 
offered by the air film to the vapor mmecules diffusing outward 
through it, and will be kept up until\he liquid molecules have 
saturated the gas and the partial pressure of air on the hquid 
surface is therefore the same as m the main body of the gas. 

The movement of matter through this stationary film requires 
diffusion The diffusion velocities of gases and vapors are 
inversely proportional to the square roots of their molecular 
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weights. Small pai tides of solids or liquids suspended in the gas 

e , dust and fogs) may be consideied as having indefinitely 
high molecular weights and therefore negligible diffusion veloci- 
ties ^ It IS obvious that the gas film will effectively insulate 
such particles from the surface of liquid or solid m contact with 
the gas, so that interaction is difficult to secure 

Thus, whereas if one will bring either ammonia gas or dilute 
hydiochloric acid gas into contact with water both will be 
absorbed with great rapidity, on the other hand if one allows 
these two to interact in the gaseous state, forming a cloud of solid 
ammonium chloride particles, it is almost impossible to dissolve 
the latter One can draw air containing such a cloud through a 
series of wash bottles highly effective for the absorption of gases, 
with almost no results 

This offers the explanation of the difficulty of absorbing sul- 
phur tnoxide made in the contact process If one attempts to 
dissolve the tnoxide m water or dilute sulphuric acid, the tiioxide 
vapor first comes in contact not with the liquid but with the 
water vapor which has evaporated from the liquid into the gas 
It reacts with tbs vapor, producing minute droplets of sulphunc 
acid in the form of a fog, and these droplets are effectively insu- 
lated from the absorbing liquid by the gas film One must there- 
fore use as an absorbent a liquid, the water- vapor pressuie of 
which IS negligible, i e , strong sulphuric acid This is the reason 
why for absorption one must use acid between 97 and 98 per cent 
If more dilute, the pressure of water vapor is sufficient to pioducc 
a fog, if more concentrated the partial pressure of SO3 ovei it is 
great enough to prevent complete absorption Fog foimation is 
not necessarily dependent on chemical combination Thus if air 
containing a high concentration of hydrochloric acid gas be 
brought into contact with water, the acid may combine with the 
water vapor and condense as a fog, which will likewise fail to be 
absorbed by the mam body of the water 

These facts explain the difficulty of removal of tar from illumi- 
nating gas and producer gas, of cement dust and arsenic fume 
from stack gases, of carbon black formed by incomplete com- 
bustion of natural gas, and the like (See pp 329 to 334 ) 

1 This IS because, at constant temperature, the kinetic cricigv (propor- 
tional to the product of the molecular weight and the squaie of the inoleculai 
velocity) IS the same for all gas particles 
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FLOW OF FLUIDS 

Introduction, — The movement of liquids and gases is of great 
impoitance because it is so often necessary to transport materials 
in one of these forms Wheiever a solid material in process is to 
be brought into solution eventually, it is generally much cheapei, 
and more convenient, to dissolve it at the start, thus transporting 
the solution, instead of conveying the solid itself. 

The pioblems of fluid dynamics consist in first devising methods 
for measuring the quantity of fluid moving through a given system, 
and second, detei mining the power necessary to maintain the 
piessuie essential to the required movement, in other words, to 
determine the motion of a fluid which results from a definite pres- 
sure difference 

Bernoulli’s Theorem. — The solution of every problem m 
fluid dynamics is based on the law of conservation of energy, i.e , 
on the equality of energy input to energy output in the whole or 
m any definite pait of a system through which a fluid is flowing. 
The formula expressing this law is known as Bernoulli’s theorem. 
It assumes the apparatus employed to be cut by two seqtions, 
chosen at any desired points across the path of motion, perpen- 
dicular to the diiection of flow. It equates the total energy 
entering the apparatus per unit weight of the fluid at the first 
section to that leaving with the fluid at the second section, cor- 
rected, however, for any energy received or dissipated while 
between the two sections As applied in hydraulics and in the 
hydi omechanics of liquids m general, it is usual to equate merely 
the mechanical energy at inlet and outlet, since there is no trans- 
formation into heat energy, or vice versa, except that due to 
friction, where friction loss occurs it is subtracted from the 
energy input before equating to the energy output. On the 
other hand, whenever a compressible fluid, % 6., gas or vapor, enters 
and leaves a section under differing pressures, the gas must have 
expanded within the section itself from the higher to the lower 
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pressure In such an expansion a given portion of gas will do 
work upon the gas ahead of it, but in a system where the flow is 
continuous, it may be considered as doing the work upon itself or 
receiving the work from the gas behind it, thereby increasing its 
mechanical energy at the expense of its heat content (or that 
of its surroundings), hence, this expansion work must be added to 
the input of mechanical energy in the gas 

"Bernoullds theorem is used m two forms The first repiesents 
an overall energy balance between the sections under considera- 
tion the second represents a balance of mechanical energy only 
between those sections, corrected for mechanical energy received 
or dissipated between sections The mathematical expiession 
for the first form is 

^”-^2+^2 +P2^^2“f“ 1^2 (I) 

and for the second 

Xi+p\Vi+ui'^/2g+R+W=X2+l)2V2+U2-f2g+F .(2)^ 

The second form is the one most frequently used 

These equations assume one unit of weight e , in English 
units, one pound) of the moving fluid E is the mtimsic energy 
of the fluid as it passes any specific section, x is the potential 
energy possessed by the fluid due to the action of gravity upon it, 
and is equal to the height of the fluid at the section above any 
arbitrarily assumed datum plane This datum plane is usually 
chosen through the lowest point of the apparatus, in order to avoid 
negative values of the potential energy The product, pv, is the 
mechanical work performed in forcing the fluid into or out of 
the section. The term u^/2g is the kinetic energy of the fluid 
due to its velocity H is heat imparted to the fluid fiom the 
surroundings between the sections in question; it must of course 
be expressed in mechanical units, ft lbs per lb. R is any mechan- 
ical work done on the fluid by external means, such, for exam])le, 
as by a pump. W is work done by the expansion of a fluid upon 
itself and is equal to J'pdv, F is friction loss, tx , mechanical 
energy converted into heat. Obviously, since the terms of the 
equations are additive, they must have the same dimensions and 
be expressed in the same units. Since the weight of fluid is one 
pound, the number of foot-pounds of energy is numerically equal 
to a distance expressed in feet, or a head Thus x is called 
1 The differential form is given on p 102 
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the potential head, pv the pleasure head, and u‘^/2g the velocity 
head One might speak of E and W as “ heads,” but this is not 
usually done Using the concept of the energy terms as “ heads,” 
Eq (2) may be written 

h;+W+h'+R+W=h;'-i-h/'+fk,''+k, 

where hp, h and 7i„ are the respective potential, static (or pressure) 
and velocity heads at any two sections This equality of the 
sum of the various terms at one section to a similar sum at a 
second section makes it cleai that if any given head, for example, 
the velocity head, be made greater at the second section than at 
the first, there must be a corresponding decrease in one or more 
other terms at the second section. 

Since the rate of flow is readily calculated if the velocity be 
known, many measuring instruments are designed to operate 
under conditions such that simple mathematical relations exist 
between a change m static head and the resultant change in 
velocity head In ordei to have a cleai understanding of the 
meaning of these terms, they will be defined 

Definitions — Fluid Head —Any kind of pressure exerted by a 
fluid (gas 01 liquid) at any point may be expressed in terms of the 
height of a column of fluid of equal density The height of such 
a column is defined as the fluid head Assume a vertical pipe of 
unit area of cross-section attached to the apparatus at the point 
where the fluid head is to be measured. The fluid will obviously 
rise in this pipe until the weight of the column of fluid exactly 
counterbalances the pressure above the atmosphere ^ The height 
of such a column is called the fluid head, and it follows that this 
head multiplied by fluid density equals pressure per unit area in 
excess of atmospheric, z e , a ten-foot head of water, of density of 
62 3 lbs. per cu ft , is equivalent to a pressure (above atmospheric) 
of 623 lbs per sq ft. At a given point in a stationary fluid the 
picssuie (or its equivalent, the fluid head) is the same in all 
directions In a moving fluid this is no longer true, but the 
observed pressure varies as described below with the direction of 
the opening or orifice. Therefore, fluid head cannot be mter- 
preted unless one knows the direction of motion of the fluid 
relative to the plane of the opening through which the head is 
transmitted for measurement. 

» This assumes the fluid of constant density and immiscible with air 
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In the case of a liquid, fluid head is often measuicd diioctly by 
the use of the liquid itself m a manonietei (IJ-tube) In the (‘asc 
of a gas, it IS almost always measuicd indirectly by the use of some 
liquid, such as watei, in a U-tube Equations aie simplified by 
expressing the head in the terms of the fluid flowing Hence, 
although m the case of gases the head is measured m teims of the 
height of that liquid actually used iti the manometei, throughout 
the following it will be assumed that fluid head is expiessed in 
terms of the fluid flowing, e ^ , if a gas exerts a head of 1 m of watei, 
it IS assumed that this head will be convcited into feet of gas by 
dividing by twelve (to convert the reading into feet) and then 
multiplying by the ratio of the density of watei to the density 
of the gas at the point in question Any fluid head can be 
expressed as a pressme per unit area and may, where piacticable, 
be measured witl an ordinary pressure gauge 

Pressure Head is defined as the fluid head exeited by a fluid 
upon a plane parallel to the direction of its motion (if any) 
Pressure head is usually measured, as indicated in the preceding 
paragraph, by attaching a manometei, one aim of which is open 
to the atmosphere, to the retaining wall which confines the fluid 
If the fluid be in motion, the plane of the manometer opening must 
be parallel to the direction of flow, as otherwise the piessuie 
exerted will be influenced by the tendency of the liquid to enter or 
leave the opening In the case of a liquid, the pressure head is, 
therefore, the height (vertical distance) in feet from the point 
where the manometer is attached, to the free surface of the liquid 
m the manometer. If the liquid is at a pressme less than atmos- 
pheric, ^ e , if the pressure head is negative, a U-tubc may be 
employed, one arm of which is open to the atmospheie. In this 
case the depression of the liquid level in the open arm is the 
negative pressure head. Since the free surface of the manometer 
is exposed to the atmosphere, the pressure head is lef erred to 
atmospheric pressure and is frequently called the static head 

In the case of gases, whethei the piessure is positive or nega- 
tive, an open XJ-tube containing a suitable liquid may be used. 
The difference in levels gives the head in feet of the liquid used 
which is converted into head of gas, by multiplying by the ratio 
of density of liquid to that of gas 

Velocity Head is defined as the fluid head exerted by a fluid 
upon a plane perpendicular to the direction of fluid motion less 
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the pressure head at the same pomtd If a small body be placed 
at a fixed point in a moving stieam of fluid, this body deflects the 
small filament of moving fluid which would otherwise pass the 
point The deflection of this filament involves first bringing it to 
lest This lequires the dissipation of its kinetic energy. It is 
found that this kinetic eneigy is quantitatively converted into 
additional fluid piessure If, therefore, a small orifice or opening 
be mseited in a fluid stream, with the plane of the opening at 
Tight angles to the direction of motion of the fluid (the opening 
being so constructed as to interfere as little as possible with the 
motion of the stieam as a whole, yet with no flow through the 
opening itself) theie is exerted upon this opening a fluid pressure 
in excess of the static piessuie by an amount equal to the velocity 
head If such a small opening be connected with a manometer, 
the diffeiencc in reading between such a manometer and one con- 
nected with a static opening, the plane of which is paiallel to the 
motion of fluid, will equal the velocity head. 

Potential Head at any point is the vertical distance between 
the point and any aibitrarily chosen horizontal datum plane. 
(For convenience, to avoid negative values, the datum plane is 
usually taken thiough the lowest section ) 

Gauges and Manometers. — Pressure Gauges — For measuring 
static pressure of both gases and liquids when the pressure is 
consideiably above or below atmospheric pressure the well known 
Bourdon type gauge is used Such instruments should indicate a 
zero leading for atmospheric pressure, and usually the scale is 
graduated m terms of lbs per sq. m foi pressures greater than 
atmospheiic, and as inches of mercury for pressures less than 
atmospheiic It is advisable to calibrate such gauges, especially 
those that have been m service 

Differential Manometers . — As shown later, the rate of flow of 
fluids, as determined by orifices, Pitot tubes, Venturi meters, flow 
meters and closed conduits depends on a difference in head, 
expressed in feet of the fluid flowing. This difference in head 
(differential head) is often measured as the difference of two pres- 
sures, obtained by the use of a differential gauge (or manometer) 
such as the vertically placed U-shaped tube shown in Fig. 14, p. 

1 The fluid head exerted on the plane perpendicular to the direction of 
fluid motion is obviously the sum of the velocity head and the pressure head, 
this sum IS sometinaes referred to as the 'bmpact head,” 
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54 Consider two identical measuring mstiuments placed side 
by side, water flowing through one and air thiough the othei, 
the linear velocities being the same, water being used in the 
manometers in both cases to measuie the pressuie drop It will 
be shown later that the differential head is the same in both 
cases when expressed in terms of feet of the fluid flowing ^ and for 
the sake of definiteness this head will be taken as two feet 
The reading (pressure drop) shown on the differential gauge 
in the first case (2 ft of water) will be numerically equal to the 
drop in head produced by the flow (2 ft of water) but in the 
second case the reading will be much smaller, due to the greatei 
density of the water in the differential gauge compared to that 
of the gas flowing If the density of air and water are taken 
as 0 075 and 62 3 lbs per cu ft. respectively, the leading (pies- 
sure drop) in the second case will be (2) (0 075)/ (62 3) or 0 0024 
ft. of water In other words in the case of gases flowing at 
moderate velocities the reading is so small that piecision is 
extremely difficult to obtain with a vertical U-tube using a liquid 
as the measuring medium, while with a liquid flowing at the 
same velocity much greater precision is easily obtained, con- 
versely, the same precision is possible with much lower velocities 
for liquids than for gases 

In the case of gases, the diffeiential head may be measuied by 
the use of a glass U-tube partially filled with a suitable liquid 
To avoid the accumulation of water or other liquid which may 
condense from the gas, the U-tube is placed above the point of 
attachment to the apparatus In the case of liquids, the U-tube 
may be inverted, by partially filling the upper part with a gas, 
the liquid flowing may be used m the lower part of the tube 
Wheie the U-tube is not inveited, it is convenient to employ in 
the lower part of the tube a liquid immiscible with the one flowing 
and of higher specific gravity In the latter case, the dcsiied 
difference in head equals the difference m levels of the measuiing 
liquid in the two arms multiplied by the latio {y—s)/(s). wheie 
y and s are the specific gravities of the heavier and lightei hciuids 
respectively 

Thus if an oil head is being measured by the use of mercury in 
a vertical U-tube, the oil filling the rest of the tube, the oil head 
will be (assuming 5=0 9) the observed difference in mercury 
levels multiplied by (13 6—0 9)/(0 9) or 14 1. Thus the read- 
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mg IS deci eased due to the use of meicuiy, but the i eduction is 
not neaily so gicat as when water is used to measuie a gas head 
Hence it follows that low liquid velocities may be measured with 
the same precision as high gas velocities, with the same type of 
manometer 

Multiplying Gauges — Whenever the pressure difference to be 
measured is very small, the reading must be multiplied by some 



mechanical device to make precision possible Fig. 10 shows an 
inclined U-tube and Fig 11 illustrates the draft gauge commonly 
used in the boiler room, both of which make the reading much 
greater than the difference m levels produced The readings may 
easily be made ten times the difference m levels Figure 12 shows 



a “ multiplying gauge m which the lower part of the vertical 
U“tube contains a liquid having a specific gravity only slightly 
greater than the one above it and not miscible with it. The 
diameter of the chambers A should be large compared to that of 
the U-tube B The relation between the reading and the actual 
differential pressure is best determined by calibration, although 
it may be calculated from A, B and the gravities of the two liquids 
used. The pair of liquids chosen for use in a gauge of this type 
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should give a flat nienisciis and neither of the liquids should tend 
to stick to the walls of the tuhe H It is not safe to assume that 
the pair chosen will be absolutely insoluble in each other and 
hence the two liquids should be thoioughly agitated and the 
specific gravities of the two resulting saturated solutions accurately 
observed before placing them m the manometer Although the 
effect of temperature on specific gravity is small; m this case it 
must not be overlooked as the difference in giavities is quite 
small If the chambers A aie quite large^ compared to the tube B 
the reading will then equal 1/(2/ times the inches of water 



Fig 12 — Multiplying Gauge 

pressure difference applied, y and s being the specific gravities ot 
the heavier and lighter of the two solutions, respectively Assum- 
ing a suitable pair of saturated solutions having giavities of 0 8315 
and 0 7905, the reading will be 1/(0 0410) or 24 4 times the 
inches of water pressure difference applied If the reading in 
this case were 4 m the actual pressure difference applied would 
equal 0 164 in water. 

Piezometer Ring.— As stated above, the static pressure is 
measured by a gauge or a manometer attached to a small opening 
in the walls of the conduit, the plane of the opening being pnrallel 
to the direction of flow of the fluid Thus in order to measure 
1 In general, the inches of water pressure difference equals 

(Reading) (^{y - s +3^5) 
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the static piessure m a steam oi watci mam, a Bourdon type 
piessme gauge is connected to a small opening tapped into the wall 
of the mam However, m many cases it is necessary to deteimine 
with great piecision small diheiences in static pressure In such 
cases a numbei of static openings should be made at the section m 
question, the openings being connected to a manifold from which 
the aveiage static pressure is obtained Such a device is called a 
Piezometer ring (see Fig 13) and is constructed as follows Four 
or mote very small holes a are dulled thiough the walls of the 
conduit at equal mteivals around the circumference of the section 



in question, and after a short distance are enlarged to take a pipe 
of a convenient size, say J m Connecting pipes are screwed in 
and joined to a manifold encircling the conduit, and the average 
static pressure is measured by a gauge or a manometer attached to 
the manifold The holes a are made very small (-^ in ) for two 
reasons fiist, it is easier to make the planes of the openings 
paiallel to the walls of the conduit in the case of small openings 
than with larger ones, and second, if the pressure on one static 
opening is different from that on another (as may often be the 
case) the smallness of the opening a will retard the flow of fluid 
through the ring from one opening to another, and hence the 
desired balancing m the connecting ring of the pressures on the 
various openings is more nearly attained. It is clear from the 
above description that the Piezometer ring is an automatic 
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avei aging dGVic6, intended to i educe etioi in obseivation by tak- 
ing the mean value of a numbei of independent values 

METHODS FOR MEASURING THE RATE OF FLOW OF GASES, 
VAPORS AND LIQUIDS, RELATION BETWEEN PRESSURE 
DROP AND RATE OF FLOW 

As already stated, the most important problem of fluid 
dynamics is the determination of the quantitative lelations be- 
tween fluid velocity and pressure drop This is necessaiy, first, 
to determine the power consumption required foi a given flow, 
and second to determine the rate of flow from direct measurement 
of pressure drop For the latter purpose one should employ 
types of apparatus m which the mathematical relations between 
velocity of flow and pressure drop are simple and univei sally 
valid Because of their simplicity the most impoitant measuiing 
devices will be treated first, and m the following older 

I Standaid Oiifice* 

II. Venturi Metei 

III Pitot Tube 

IV Other Devices 

1 Gasometeis and Receivers 

2 Addition or Removal of Eneigy, oi Foreign 

Material 

3 Gas and Water Meters (Mechanical Types). 

4. Anemometer 

5 “ Flow-Meters 

V Friction of Flow thiough Conduits 

A Circular Cross-sections 

B Sections other than Circulai 

VI Contraction and Enlargement Losses 

Under each case the equations necessary for calculating the 
relation between the pressure drop and the rate of flow aie given, with 
illustrative problems for various gases and liquids. Following this dis- 
cussion IS a Summary of Equations and Nomenclature Table The 
derivation of the equations will be found on pp 10^ to 117, the equa- 
tion numbers being consistent throughout The term “ upstream ” 
is used to designate the first section of the apparatus passed by the 
fluid, while the term downstream refers to the last section that 
the fluid passes, and these sections are designated by the sub- 
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scripts 1 and 2 ” lespectively The term u, unless other- 
wise defined, represents the average velocity of the fluid as feet 
per second, namely the cubic feet of fluid passing per second 
divided by the aiea of the opening m square feet, regardless of 
whether oi not the fluid fills the opening 

Limitations to Equations. — The equations given throughout 
the following discussion of measuring devices are valid for all 
piessuie diops foi the flow of liquids j and they apply equally well 
to the flow of gases and vapors when the pressure drop does not 
exceed ten per cent ^ of the downstream absolute pressure Equa- 
tions aie given in the Summary of Equations for the cases where 
the piessuie drop is greater than this. 

I STANDARD ORIFICE 

One of the common methods of determining rate of flow of 
gases, vapois and liquids is to measure the pressure drop caused 
by the insertion of a suddenly lestricted opening or orifice of 
known size into the line (see Fig 14) In this way a definite meas- 
ured poition of the static head above the orifice is transformed 
into velocity head in the restricted section Since the observed 
deciease m static pressure is caused by the increase in fluid 
velocity, the flow is calculated from the following equation 

Vu2^—Ui^ = cV2g{Ah), (19) 

wheie ui is the upstream average velocity and U 2 is the average 
velocity thiough the orifice, both expressed in feet per second, c is 
a coefficient of discharge, g is the acceleration due to gravity 
(32 2 ft. per second per second) and Ah is the obseived decrease in 
static pressuie expressed mfeet of the fluid flowing of the down- 
stieam density 

As indicated diagiammaticaUy in Fig 14, in the important 
special case in which the diameters of the chambers are five times 
that of the orifice, the conti action of the stream issuing from the 
orifice is greatest at a distance equal to four-tenths the inside pipe 
diameter downstream from the plane of the orifice, and the fluid 

1 The pressure drop is rarely as great as this for the flow of gases and vapors, 
as usually such a large drop would be uneconomical The most important 
exception to this rule is found m the transportation of compressed gases 
through pipe lines 
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stieam has not staited to contract at a point eight-tenths inside 
pipe diametei upstieam Hence the piessuie connections should 
be made at these specified distances ^ from the plane of the 
orifice This is impoitant as the values of the coefficient of 
discharge quoted below weic detei mined undei these conditions 
If there weie no fiiction due to the passage of the fluid through 
the constiiction and if the constiicted opening did not cause the 
stream lines to converge, the coefficient of dischaige c m the 
above equation would be unity With the standard types of 
opening used in piactice the actual flow is less than the theo- 



Fig 14 — Orifice and Differential Gauge 


retical value based on the assumption of fiictionless flow and 
no contraction of the stieam, and hence the value ot c is less than 
unity. The coefficient of discharge is piactically constant at 
0 61 for the shaip-edged orifice (Figs 15A and 15J?), provided 
the diameter of the orifice is large, compared to the thickness of 
the plate, and 0 98 for the rounded orifice (Fig 15C), when used 
with suitable orifice chambers (see below) and when the oiificc is 
concentric with the pipe The coeflftcient for the “ standaid 
shoit tube (Fig 15D) may vary widely with conditions and its 
use is not recommended 

The so-called sharp-edged orifice in a thin plate, Fig. 15^, 
is best made by drilling a hole in a metal plate varying in thickness 
from 3 ^ m to 3 % in If a thicker plate is required to withstand 

^ See Davis and Jordan, Bull 109 , TJniv of 111 Eng Expt Sta (1918). 
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the piessuie, the edge oi the hole is beveled to a shaip-cdged 
ciiculai hole of the desiied size, the sharp edge being pointed 
upstream as m Fig 15i^, but it is difficult to make this latter type 
exactly ciiculai ^ A glance at Fig 15C shows that the rounded 
oiifice IS also difficult to constiuct. Since the sharp edge orifice 
is most easily and cheaply made it is the one commonly used ^ 

In constructing a standard orifice, chambers having diameters 
five times that of the orifice should be inserted above and below 
the orifice.^ This is lecommended for three reasons. First, the 
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Fig 15 — Oiifices and Short Tube 

A Sharp-edged Orifice in Thin Plate 
B Sharp-edged Orifice in Thick Plate 
C Pounded Orifice in Thick Plate 
Z> Standard Short Tube 

eddy currents above and below the oiifice are less violent, and 
hence the static pressure may be determined more accurately 
Second, the coefficient of discharge c remains nearly constant at 
0 61 for the “ sharp-edged orifice in a thin plate,” whereas this 
would not have been the case with smaller chambers Third, 
the equation is simplified as the square of the velocity of approach, 
Ui^ becomes negligible as compared with the square of the velocity 

1 A better consti action is to reinforce the back of the plate m A 

2 In chemical work it possesses the extremely important advantage that 
c IS practically independent of the viscosity of the fluid, even up to several 
hundred times the viscosity of water 

3 The justification of recommending this limitation will be appreciated if 
the reader will study the complicated relationships found when madequate 
chambers are used See Judd, “Experiments on Water Flow through Pipe 
Orifices,” Trans A S M B 331 (1916), and Davis and Jokdan, loc at. 
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in the orifice, ur With such chambeis the above equation 
becomes 

U2 — c^s/2g(Nh) (18) 

Where the orifice is designed to avoid a high friction loss, Nh will 
be small, hence to obtain precision a Piezometer ring must be 
employed (see p 50) If these precautions be observed, a stand- 
ard orifice may be inserted at any point in the line and the actual 
discharge will correspond within a few per cent to that calculated 
though for very accurate work it must be calibrated 



Fig 16 — Plot Showing How Head Lost in Sharp-edged Orifices Vanes with 
Ratio of Diameters of Chamber and Orifice 


Although the cost of the apparatus is low the disadvantage of 
this method is that a 'permanent loss of nearly the whole of the 
observed drop m static pressure results because of the sudden 
velocity changes, hence the pressure drop should be the smallest 
possible consistent with the precision desired in measuiing the 
flow This lost energy may become so large that it may be 
more economical to employ another type of apparatus (Venturi 
meter) which, although it has a higher initial cost, gives approxi- 
mately one-tenth the permanent friction loss for an equal reading 
of the pressure drop. 

Fig 16^ shows how the ratio of the lost head to the drop m 
1 Davis and Jobdan, Univ of 111 Eng Expt Sta , Bull 109 (1918). 
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pressure head caused by a sharp-edged orifice vanes with the size 
of the orifice chambers expressed as the ratio of the diameter of 
the chambers to that of the pipe ^ For chambers having diam- 
eters five times that of the orifice, the lost head is 93 per cent of 
the leading 

Illustration 1 (Gas) —Hydrogen gas at 70° F is flowing through an 8-in 
1 d galvanized non pipe which has been gradually enlarged to 20 in to form 
the chambers for an orifice drilled to 4 in in a galvanized iron plate, the 

hole being centered with the center Ime of the pipe Sixteen inches upstream 
fiom the orifice and 8 m downstream Piezometer rings have been mstalled on 
the chambeis, a vertical U-tube paitially filled with water and connected to 
these Piezometer rings, shows a difference m levels of 1 21 m A second 
U-tube partially filled with water, one arm of which is open to the atmosphere, 
IS attached to the downstream Piezometer ring and shows 4 in of water 
pressure above atmospheric piessure Calculate the flow of dry hydrogen m 
lbs per houi and the powei cost of operating the orifice per 24-hr day (a) 
assuming the gas to be dry, and (h) assuming it saturated with water vapor 
The barometer is 29 2 in of mercury, and the vapor pressure of water at 70° F 
IS 0 74 in of mercury Combined efficiency of fan and motor is 50 per cent, 
and power costs 3 cents per kwh 

(a) Solution (Gas Dry) — Since the diameter of chambers is five times 
that of the orifice, Eq (18) is used, and since the orifice is sharp-edged, c = 0 61 

t^=0 6lV2^(A/i) . (18) 

4 

The downstream pressure is 29 2-1--T— ==29 5 in of mercury, so the down- 

lo 0 

stream density of the gas is 



(Ah) ~ 1220 = differential head calculated as feet of gas 

^ ^ (12) (0 00515) 

-1^2=0 6lV(2) (32 2) (1220) -171 ft per sec average velocity 

1 This phenomenon is due to a partial building up of the pressure below the 
pomt of maximum contraction, Fig 14, p 54 
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through the 4 m orifice Hence 



Assuming 93 per cent of the differential head (1220 ft of gas) to be lost, as 
indicated in Fig 16, the power equivalent is 




Qj) Solution (Gas Wet). — The average molecular weight = 


(2 02) (29 5-0 7) (18) (0 74) 

(29 5) (29 5) 


97+0 45 = 2 42. 


The calculations for pait (&) could be made similai to those in part (a), allow- 
ing for the higher density in part (6) Instead of doing this, part (6) has 
been calculated from part (a) by the use of ratios, as shown below 

From part (a) it is evident that the lbs gas flowing per hour is determiruKl 
by the product of the density and the inverse square root of the density, 
giving as a net result the square root of the density. Hence the lbs wet gas 
per hour = 


(277) 


4 


2 42 
2 02 


= 303 
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Since m every 2 42 lbs ol wet gas theie are 1 97 lbs diy hydrogen, the dry 
hydrogen piesent in the mixture = 


(303) (1 97) 
(2 42) 


= 247 lbs 


per hour which is about 11 per cent less than in part (a) 

The daily power cost for part ( a) was 17 1 cts and for part (6) it will be 
greater by the ratio of V2~ 42/2 02, to allow for the greater weight of the wet 
gas and by 2 02/2 42 t o allow for the lesser gas head, with the net result that 
the power cost (17 1)V2 02/2 42 = 15 6 cts , or about 9 per cent less than in 
part (a) However, per 1000 lbs of dry hydrogen delivered, the cost when 
wet IS 2 3 per cent greater than when dry 

Note — The accuracy of the calculations is probably not better than 
2 per cent 

Illustration 2 (Water) — ^Water is flowmg through a 6-in i d cast-iron 
pipe at an average velocity of 5 ft per sec under a gauge pressui e of 50 lbs 
per sq in It is proposed to install a sharp-edged circular orifice and the 
piessure drop through the orifice is not to exceed 5 lbs pei sq m What 
should be the dia of the orifice and how much power will be lost due to its use*? 

Solution. — Since the coefficient of discharge may be assumed as 0 61 only 
when suitable chambers are used, such chambers will be provided, and hence 
Eq (18) applies 

Since the water is practically incompressible it is unnecessary to know 
the static pressure of the water, A/i = (5) (144) /62 3 = 11 6 ft of water 
Calling the orifice dia m inches A, t «2 = (wi) (6) (6) /(A) ^ = 180/ (A)® By 
Eq (18), 

M! = (0 61)V(64 4 (11 6) = —, 

. A* 

whence A = 3 29 in 

Assuming that 93 per cent of the specified pressure drop of 5 lbs per sq in 
IS lost, the lost power is 



Illustration 3 (Oil). — A 3-m i d sharp-edged orifice has been installed 
in a 6 07-in i d steel pipe carrymg a mineral oil of sp gr 0 900, the orifice 
being provided with 16-in chambers A vertical U-tube contammg mercury 
and oil shows 4 in difference in mercury levels Calculate the flow of oil as 
bbls per hour and the power lost due to the orifice 

(Note — O ne oil bbl =42 U S gals, sp gr mercury = 13 6) 
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Solution.— -By Eq (18), 


Ux — c'^{2g) (Ah) 


U2 = (0 61) 


4 


(64 4) (4) (13 6-0 9) 
(12) (0 9) 


Whence -Wi = 10 6 ft per sec through the 3-in orifice Hence the flow = 



By Fig 16, 94 per cent of the obseived diop will be lost Plence the theo- 
retical power consumption equals 



n VENTURI METER 

The Venturi meter operates on the same principle as the 
standard orifice, and measures the decrease in static pressuie 
due to an increase in the velocity of a fluid stream caused by a 
known reduction m the cross-section of path The stiiking 
difference in the form of the standard orifice (Fig 14) and Ven- 
turi meter (Fig. 17) lies in the fact that the changes m cross- 
section are sudden in the former and gradual m the latter. 

The equation is, 

V ~ Ui^ = cV2g (Ah) , . . (28) 

where ui and U 2 are the average fluid velocities as feet per second 
at the upstream and throat sections respectively, g is the acceleia- 
tion of gravity, (Ah) is the observed decrease in static head expiessed 
as feet of fluid flowing of the density at the throat section, and c is 
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the coefficient of discharge (see Standard Orifice above) Since 
the cioss-section of the pipe is gradually reduced to that at the 
throat, the convergence of the stream lines is not nearly so marked 
in the Venturi meter as in the sharp-edged orifice, and hence c 
IS larger for the foimer than for the latter In the standard 
oiifice, the section is suddenly enlarged from that of the orifice to 
that of the downstream chamber or pipe with the result that the 
greater pioportion of the velocity head (created in the oiifice at 
the expense of the static pressure m the upstream chamber) is 
not leconverted to static pressure m the downstream chamber, 
but IS lost by impact and internal friction The Venturi meter 
possesses a gieat advantage over the standard orifice by reason 



of the fact that the permanent reduction in the static pressure is 
veiy small because the velocity head (created m the throat at the 
expense of the original static pressure) is largely reconverted to a 
static pressuie by the gradual enlargement of the section to its 
original size 

The construction of the Venturi meter is shown in Fig 17 
The throat diametei is usually from i to J the upstream diameter, 
and the throat length should not exceed one throat diameter The 
total angle of divergence of the two tapered sides should not 
exceed 7® on the downstream side nor 25® on the upstream 
side. In ordei to minimize the friction loss and to insure a high 
and constant coefficient of discharge the throat should be lined 
with bronze and very accurately bored to size and finished 
Under these conditions the permanent loss in static pressure is 
only to I of the Venturi reading, and the coefficient of dis- 
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charge c will be from 0 97 to 0 99. For very accurate work the 
mstmment should be calibrated 

In inserting the Piezometer rings, care should be taken that 
the connections to the static opemngs do not project into the 
sections, otherwise serious eirors m the leadings will result. 
Since it IS necessary to make the total angle of divergence small 
in order to obtain a value of c of nearly unity, the length of the 
Venturi meter is great relative to the diameter of the line m which 
it is inserted Tests ^ for gas on a compact Venturi meter made of 
galvanized sheet iron, having total angles of divergence ot 60° 
and 15° on the upstream and downstream sides respectively gave 
a coeificient of discharge of 0 85 to 0 88, when the rate of flow 
was determined by a standard sharp-edged oiifice placed in senes 
with this Venturi meter. The Venturi meter is used m the illu- 
minating gas mdustiy and elsewhere with great success It is 
unsatisfactory foi viscous liquids 

Ulustration 4 (Gas). — A properly made Venturi meter having a throat 
diameter of 2 ft is inserted in a 4-ft main carrying illuminating gas at 70° F 
The gas has a density of 0 6 referred to air of the same temperature and pres- 
sure, the barometer is 29 25 in of mercury, and the reading on a (10 hori- 
zontal to 1 vertical) inclined differential U-tube - containing gasoline 
(sp gr =0 685) IS 0 90 and the static pressure at the throat is 2 m of water 
above atmospheric pressure Calculate (a) the rate of flow as cu ft per hr , 
and (6) the hp loss due to the presence of the instrument 

Solution. — {a) The absolute pressure of gas at the throat corresponds to 
2 m of water above the barometric pressure of 29 25 in of mercury, namely 

2 

29 25+ =29 4 in mercury 


The gas density at the throat is 


(29) (492) (29 4) (0 6) 
(359) (530) (29 9) 


= 0 0443 lb per cu ft 


The differential head as feet of gas (A/i) is 



1 G H Porter, Undergraduate Thesis, MIT, 1920 

2 The average molecular weight of air is 29 0, see p 5. 
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ByEq ( 28 ) 

Vu2^-ui^=0 QS^CZg) (Ah) 

Neglecting changes in pressure Ui=U2l4: and this becomes 
^'-^ = (0 98)2(64 4) (7 23), 


whence ^2 = 21 8 ft per sec through the 2-ft throat, and hence (21 8) (3600) 
(3 14) =247,000 cu ft per hr flowing at 70° F 
(6) The gas flowing is 


(21 8) (3 14) (0 0443) =3 04 lbs per sec , 


so the power consumed by the instrument, assuming one-eighth of the reading 
to be lost, IS 


(7 23) (3 04) 
(8) (550) 


=0 0050 theo 


hp 


III PITOT TUBE 

The pressure on the end b of an open tube (Fig 18) pointing 
directly against the gas stieam (te , on the impact opening) is the 



Fig 18 — Open Tube and Piezometer Ring 

sum of the velocity and static pressures, while that on openings a 
whose plane is in that of the gas stream (namely, on the static 
openings) is the static pressure only The difference between 
the two IS the velocity pressure at the impact opening 

The instrument most frequently used for measuring this differ- 
ence IS known as the “ Pitot Tube 

From the definition of velocity head it is obvious that the 
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equation connecting the actual velocity (wact) m ft. per sec at 
the point where the tube is inserted is given by 

Wact = ^2ff(A^)> 

where A/i is the differential reading due to the velocity head 
expressed as ft of the fluid flowing. Applications of this equation 
will be given below. 

One form of tube consists of two concentric tubes containing a 
90° bend as shown in Fig 19, the impact opening 6 being at the 
open end of the inner tube, and one or more static openings a in the 
outer tube. Thus the static openings are inserted along with the 



impact opening, and exploration work is facilitated The difS- 
culty with this anangement lies in the fact that the very insertion 
of the Pitot tube itself deflects the fluid stream, thus obviously 
interfering with the accurate determination of static pressuie. 
Fig. 19 illustrates an attempt to avoid this evil by the use of 
four static openings with the idea that if the pressure is too high 
on one of them it will be too low on some of the others and thus a 
true average static pressure will be obtained Certain manufac- 
turers offer Pitot tubes in which this counter-balancing of errors 
on the static orifices is not satisfactorily accomplished, but in such 
cases the makers usually furnish a coefficient for their particulai 
type of instrument. The calibration of such instruments is 
essential 
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The velocity of a fluid flowing in any conduit always varies at 
different points in a section taken at right angles to the direction 
of flow. This variation is extremely erratic in bends, tees, valves, 
and at points near the entrance or exit to any straight section of 
pipe. Experiments have shown that this variable behavior is 
minimized if the observations be taken at a section not less than 
50 diameters from any “ point of disturbance '' (bend, valve, etc ). 
The distance should be increased where possible. 

Pitot tubes are used for exploration purposes to measure the 
flow in appaiatus already built^ as the instrument can be inserted 
through a small hole m the conduit, which can later be closed In 
certain cases, for example, where a fan is placed in the middle of a 
short air duct drawing from and delivering into an open space, 
the gas flow is so erratic that it is necessary to determine 
the velocity at many points m a cross-section. For this pur- 
pose the Pitot tube is of great value since no other method is 
available. 

As shown above, the static pressure in a conduit is best meas- 
ured by equalization of the pressure upon a number of small 
openings in the walls of the conduit, t e , by the use of a Piezometer 
ling, p. 51 Hence greater accuracy can be obtained if the com- 
bination of “ open tube and Piezometer ring be substituted for 
the tube shown in Fig 19, This modification consists in installing 
a Piezometer ring on the conduit, and in placing a small open tube 
pointing directly against the gas stream one inch downstream. 
This arrangement is shown in Fig 18. The diameter of the tube 
carrying the impact opening b should be small relative to that 
of the conduit, so that the presence of the impact openmg will not 
materially increase the gas velocity in the conduit 

The disadvantage of the Pitot tube when used for gases is the 
fact that, owing to their low density, the readings at moderate 
velocities are very small, and liable to error. Thus, the differ- 
ential reading where air at 70° F. and atmospheric pressure is 
flowing at a velocity of 10 ft. per sec. is only 0 0224 in. of water, 
and when flowing at 30 ft. per sec. is 0 202 in of water. Where 
such low readings are encountered^ the differential pressures are 

1 This difficulty does not arise where velocity and pressure are high as in 
mams for superheated steam Very satisfactory steam meters of this type 
are available using mercury as liquid Both mdicatmg and recording instru- 
ments are built 
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best measuied by an inclined gauge or by a multiplying gauge 
When watei flows at these same velocities, owing to its greater 
density, the readings are 62 3/0 075 = 832 times the above It 
IS obvious that there is no appreaiahle power loss due to the presence 
of a Pitot tube in a fluid stream 

In the absence of the disturbing effects of bends, etc., it has 
been found that the latio of the average velocity to the maximum 
velocity at the center line of the pipe increases with values of 

the “ modulus '' shown m Fig 20. For values of the 

absolute viscosity (p) of fluids, see pp 77 to 85 The ratio of the 



Fig 20 — Ratio of Mean Velocity to Maximum Velocity in Circular Pipes 

From Nat Phys Lab 11 {.19U) 


average velocity to the maximum velocity is only 0 50 when 
“ straight line motion (see p. 73) exists, i.e , at values of 
of about 2500 or less. For larger values of the modulus the flow 
IS turbulent (see p 74), and since the degree of turbulence or 
mixing of the stream increases with increasing values of the 
modulus, the ratio ti/Umax becomes larger. In the past engi- 
neers have assumed the velocity ratio as about 0 8, which was 
a good approximation due to the facts that the curve is quite 
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fiat m the tmbulent region and that most of the conditions met 
happened to be tmbulent 

In the case of gases straight line motion is seldom found in 
piactice, where it does occur in gas flow the velocity would 
probably be so low that the diffeiential reading on the Pitot tube 
would be so small as to make precision impossible with the types 
of differential gauges commonly used However^ in the case of 
viscous oils, straight line motion may occur, even at high veloci- 
ties, especially in small pipes In any case, it is well to employ 
Fig 20 to determine the probable value of as is done 

in the illustrative problems following For precision, the value 
of this velocity ratio should be determined experimentally. This 
IS of especial importance m the neighborhood of the critical value 
of the modulus where the velocity ratio varies widely with a small 
change in the modulus 

One of the interesting modifications ^ of the Pitot tube is the 
so-called “ Pitot-Venturi Tube which is designed to give a 
laiger leading than a Pitot tube. 

Illustration 6 (Gas) — A commercial Pitot tube similar to the one shown 
in Fig 19 is inserted at the center line of a horizontal 12-m i d galvanized 
iron pipe carrying dry air at 70° F at a static pressure of 2 in of water above 
atmospheric pressure, and the horizontal deflection on a U-tube (inchned 
10 in hoiizontal to 1 m vertical and connected to the impact and static 
openings) shows 2 in of water The Pitot tube is at a distance of 50 pipe 
diameteis (50 ft ) from any obstruction m the pipe Calculate (a) the actual 
velocity of air as ft per sec at the point where the reading is taken, (h) the 
average velocity as ft per sec at this cross-section, (c) the rate of flow as 
cu ft per mm , and (d) as lbs per hr Barometer is 29 75 in of mercury 

Solution. — The density of the gas at the point of reading is 

(29) (492) (29 75+^) 

^ =0 0760 lb per cu ft 

(359) (530) (29 9) 


The hoiizontal deflection on the inclined U-tube is 2 m but due to the 10 to 1 
inclination the actual difference in levels is only 0 2 in of water Since the 
density of the liquid used in the manometer (water) is 62 3 lbs per cu ft , the 
height of air column equivalent to the 0 2 in water column is 


(0 2) (62 3) 
(12) (0 075) 


= 13 85 ft of air 


By Eq (35), u^t = V2g(Ah) (64 4) (13 86) =29 9 ft per sec at the 
point where the reading was taken, namely, the center line of the pipe 
1 Fales, J. Am Soc, Heating Ventilating Eng , 28 , 1-10 (Jan , 1922) 
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From Fig 23 it is seen that the absolute viscosity of air at 21° C is about 
0 000180 c g s units, which must be multiplied by 0 0672 (see p 85) to 
convert it into English units The value of the modulus tor this case is then 


dUm&x P 


(1) (29 9) (0 075) 
(0 000180) (0 0672) 


= 18,500 and 


from Fig 20, ^^=0 79wmaK Hence, 

w = (0 79) (29 9) =23 7ft per sec (F P S ) 


Since the cross-sectional area is 0 785 sq ft the rate of flow is 

(23 7) (60) (0 785) =1120 cu ft per mm (C F P M ) 
or 

(1120) (60) (0 075) =5050 lbs per hr 

Illustration 6 (Water) — A 6-m i d cast-iron water mam is carrying water 
at a temperature of 20° C and a pressure of 50 lbs gauge, and the reading on 
a vertical U-tube containing mercury (sp gr 13 6) and water is 1 m , the 
U"tube being connected to a Pitot tube placed at the centei line ot the pipe 
at a distance of 25 ft from any obstruction m the pipe Calculate the rate 
of flow m cubic feet of water per second and as U S gals per mm 

Solution — The effective sp gr of the measuring liquids is 13 6 — 1 = 12 6 
so that 1 in differential reading corresponds to a velocity head of 

(1) (12 6) ^ 

By Eq (35) 

Mact=Mmax = V'^ = V (64 4) (1 05) =8 23 F P S 

Since the absolute viscosity of water m English units is 0 000672 (p 85), 

P (0 5) (8 23} (62 3) 

M ~ (0 000672) -3S^>000, 

w=0 SlTi^max (Fig 20) Then u will be 6 73 ft /sec and the discharge 
will be 

(6 73) (3 14) _ 

— = 1 32 cu ft per sec , 

or 

(1 32) (60) (7 48) =593 U S gals per mm 

Illustration 7 (Oil) —A Pitot tube is mserted into a 4 07-in i d steel 
pipe carrying a mineral oil at 100° F The Pitot tube is at the center line at a 
distance of 25 ft from any obstruction, and shows a reading of 0 80 m on a 
vertical U-tube containing both mercury and the oil Assuming that the 
viscosity of the oil at 100° F (relative to water at 68° F ) is (a) 50 and (5) 300, 
calculate the flow as bbls per hr 

(Note —One oil bbl =42 U S gals , sp gr of oil at 100° F =0 900) 
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Solution — The actual velocity at the center line of the pipe as given by 
Eq (35) IS 


Wtnax 


\ (12) (0 9) 


F P S 


Before the rate of flow as bbls per hr can be calculated it is necessary to find 
the value of u/ Wmax, as the volume flowing pei hour is determined by the 
product of the cross-section and the average velocity over that cross-section 
Since the absolute viscosity of water is 0 000672 in English units, p 85, 

di^max P (4: 07) (7 78) (62 3) (0 9) 

4:4-20 

M (12) (0 000672) (50) 

and from Fig 20, ^ = 0 73um&\ ^ Hence the rate of flow is. 



For case (5) modulus is one-sixth as large as for case (a), and by Fig 20, 
u-Q 50 Umax, whence the discharge equals 225 barrels per hr Although 
the Pitot tube gave exactly the same reading in both cases, the flow in the 
second case, because of the higher viscosity of the oil, was only 68 5 per cent 
of that in the first case 


IV. A OTHER DEVICES (GASES) 

(1) Gasometers and Receivers. — A gasometer is an inverted 
vessel, usually a cylindrical metal one, placed concentrically inside 
another vessel containing a liquid, generally water. When the 
gasometer is empty the inner vessel is full of liquid, and as the 
gas is fed in through a pipe projecting up through the bottom of 
the outer tank the inner vessel rises by an amount proportional 
to the quantity of gas admitted. Gasometers are used widely in 
the illuminating gas industry. 

The change m the amount of gas in a constant volume storage 
tank may be measured by observing the change in the pressure or 

1 As previously indicated, the value of w/i^max is uncertain in the neighbor- 
hood of values of the modulus of 2500, and in such cases exploration is very 
desirable 
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weight The constant volume receiver is employed for high 
pressures, as m the determination of the rate of discharge of air 
from a compressor The measurement of gases by weight is 
usually unsatisfactory because the weight of the tank is so great 
relative to that of the gas, that results obtained by difference may 
have little accuracy unless the gas be under veiy high pressure 
(2) Addition (or Removal) of Energy, or Foreign Material — 
The amount of gas flowing past a given section may be detei mined 
by injecting a measured amount of something into the gas and 
measuring the concentration of it in the final product aftei perfect 
distribution has been attained Knowing the amount of the thing 
admixed and the concentration before and after the addition, it is 
possible to calculate the amount of gas to which it is added 
For example, the rate of chlorine evolution from an electrolytic 
cell may be determined by feeding air at a known constant rate 
into the gas as it leaves the cell, and by analyzing the gas before 
and after the air has been added. Again, the amount of air 
passing through a humidifier or drier may be calculated from the 
known evaporation and the humidities of the entering and exit air 
Frequently, it is convenient to add or remove heat in the form of 
electrical energy at a known rate and to measure the change in 
temperature The Thomas Gas Flow Meter, which is based on 
this principle, consists of an enlargement of the pipe carrying the 
gas, in which is inserted first a thermometer of the electrical 
resistance type, then electrical resistance wire unifoimly dis- 
tributed across the whole section of the pipe in which a known 
amount of electrical energy is transformed into heat (this energy 
being measured by a wattmeter) and finally on the downstream 
side, another thermometer similar to the first. The Thomas 
meter automatically controls the electrical input so as to main- 
tain a constant small temperature rise between the thcrmometeis 
and measures the electrical input necessary to maintain this rise 
This electrical input is proportional to the amount of gas 
passing the section, since the specific heat of any gas is constant 
over the temperature range involved However, the operation 
must be automatic in order to get satisfactory results, because 
under ordinary conditions the temperature fluctuations of the 
entering gas are very large compared with the nse in the tempera- 
ture of the gas in the meter Hence an attempt to measure the 
quantity of gas by admitting a constant amount of energy and 
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determining the temperature rise is highly unsatisfactory Thomas 
meters are usually of the '' integrating '' type, t e., the instan- 
taneous rate is mtegiated with respect to time, giving the total 
flow over a period of time 

(3) Mechanical Gas Meters. — The amount of gas flowing 
past a section may be measured by the insertion of a mechanical 
meter, of which various recording types are obtainable. Such 
meters should be carefully standardized, generally against a 
gasometer or othei apparatus They are mechanical devices 
which are expensive and liable to get out of order. Where large 
quantities of gas are to be measured constantly, they are employed, 
as m the illuminating gas industry. Such meters have the advan- 
tage that they record the total flow over a period of time, the 
rate may be detei mined by taking readings at desired intervals. 

(4) Anemometers. — The anemometer is a small windmill, 
the friction of which is reduced to a minimum and the rate of 
rotation of which should therefore be proportional to the velocity 
of the gas current m which it is placed It consists of a light 
vane wheel fixed on a shaft, the rotation of which is recorded by a 
counting mechanism Such instruments must be standardized 
with the greatest care at velocities as nearly as possible equal to 
those to be measured, and even when so treated are liable to wide 
vanations m behavior; while very convenient, the instrument is 
unsatisfactory on this account However, they are useful for 
exploration work, and unless very sensitive multiplying gauges are 
used with the Pitot tube, at gas velocities below 5 ft. per second 
give greater accuracy Anemometers are seldom made for gas 
velocities higher than 40 or 60 ft. per second Obviously the 
usual types of anemometer cannot be used m corrosive atmospheres 

01 where the gas is excessively hot 

(6) Flow-Meters. — The term flow-meter is sometimes used 
to designate any restricted opening or tube through which the 
rate of flow has been determined by calibration. For example, 
a 2-m. pipe may be bushed down to i m and then enlarged to 

2 in , the pressure drop tlirough this opening is a measure of the 
rate of flow, but this relation should be determined by calibration 

For laboratory work, where the rate of flow of gas is small, 
capillary tubes of 1 to 12 m. in length are used to produce the 
pressure drop, which is recorded by means of a U-tube connected 
by tees to chambers at both ends of the capillary Usually these 
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are calibrated ^ over the desired range by measuring the volume 
of water displaced (gasometer method) Flow-meters for liquids 
similar to those described for gases are cheaply made both for 
laboratory and plant use 


IV B OTHER DEVICES (LIQUIDS) 

When liquids are to be measured, the gasometer is replaced by 
a measuring tank, oi by a weighing tank 

The principle of measuring the change m the concentration of 
a foreign material m water may be applied to continuous evapora- 
tion The rates of feed and discharge may be calculated from the 
rate of condensation and the analysis of the entering and exit 
solutions, or the rate of evaporation may be calculated from the 
rate of feed and entering and exit concentrations The rate of 
liquid flow through a cooler may be calculated from the specific 
heat of the liquor, the entering and exit temperatures of liquoi, 
and the heat picked up by the cooling water In both cases, 
correction should be made for heat interchange with the sur- 
roundings. 

There aie various types of water meteis, as described in the 
handbooks of mechanical or hydraulic engineering 

^ A F Benton, J Ind Eng Chem , Yol 11, No 7, pp 623 to 629 
(July, 1919), states that for laboratory flow-meters m whxch straight hue flow 
exists the reading on the differential gauge (in mm water) is equal to 
RL R^ 

1 263 [-67 9 — , where j5=rate of air flow m liters at 25° C and normal 

barometer per minute, L= length of capillary tube in mm , and d = internal 
diameter of capillary m mm This equation was found to hold for air The 
first term m the right-hand side of the equation gives the pressure drop due to 
the viscous flow in the capillary itself, while the term following allows for the 
entrance and exit losses Where the capillary is sufficiently long to make the 
latter term neghgible compared to the former, it is suggested that the calibra- 
tion for gases other than air can be predicted approximately by multiplying 
the coefficient 1 263 by the ratio of the viscosity of the gas m question at 
25° C to that for air at the same temperature For accurate work, flow 
meters should be calibrated 
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V. FLOW OF FLUIDS THROUGH CONDUITS 

Mechanism of Flow. — This discussion will be limited to 
steady flow ’’ i e , flow at a constant fluid velocity, or what is 
the same thing, under '' constant head '' The movement of the 
fluid IS caused by a difference in total head between the two 
points under consideration For example, a liquid will flow 
from point (a) at atmospheric pressuie through a conduit to 
another point (h) at atmospheric pressure providing the second is at 
a lower level than the first, in such a case the flow would be due 
entirely to difference in potential head. A fluid will flow from a 
point of high pressure at (c) through a horizontal pipe to a point 
of lower pressure at (d), in which case the flow is caused entirely 
by difference in pressure head Obviously the flow can be caused 
by a net difference in the sum of the pressure and potential head. 
Two types of motion are possible, as shown below 

A — Circular Cross-sections (Pipes) 

Straight Line Flow , — Every fluid (gases, vapors, water and 
oils) flows in straight line motion at low velocities In this type 


A B 



Fig 21 — Velocity Distribution m Circular Pipes 

A Straight Line (Viscous) Flow 
B Turbulent (Eddy) Motion 

Abs = actual net velocity at a given point 
Ord = distance from center line of pipe 

of motion every particle of fluid flows in a direction parallel to the 
walls of the pipe, and there are no “ transverse ” or mixing cur- 
rents There is no motion whatever at the wall itself but as the 
center line of the pipe is approached the velocity increases (See 
Fig 21A ) As shown on pp. 65 and 66, if the velocity at the center 
line be determined at a suflBlcient distance (50 pipe diameters) from 
any obstruction, such as a bend, valve, etc , the average velocity 
over the entire cross-section is one-half the maximum value which 
is found at the center line of the pipe. The equation of flow is 
given by Poiseuille’s law which may be derived from the defimtion 
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of absolute viscosity by the aid of the calculus and which has been 
experimentally confiimed for diameters langing fiom those of 
capillary tubes up to 12-in pipe 


32jLtZ/i6 


( 56 ) 


where Ap = pressure drop as lbs per sq ft 

L=length of straight pipe mfeet plus equivalent length 
due to bends, etc (See p 100 for data ) 
tt = average velocity of fluid as feet per second (cubic feet 
per second divided by cross-sectional area in sq ft ) 
d = inside diameter of pipe mfeet 

ju = absolute viscosity m English units {second poundals 
per square foot = lbs pen sec per ft) 


The term absolute viscosity ^ which appears in the above equa- 
tion IS a measuie of the internal fluid friction, and is most simply 
desciibed as the coefficient g m Poiseuille^s law Each fluid has 
a definite viscosity at a given temperature, and the absolute vis- 
cosity of fluids varies with temperature 

Turbulent Motion — In the case of every fluid as the velocity is 
increased, some point is reached where the type of motion sud- 
denly changes from straight line motion to a second type of 
motion known as turbulent motion, which is characteiized by. 
the presence of innumerable eddy currents in the stream (See 
Fig 21B ) In this type of motion there is relatively little or no 
motion of the fluid at the pipe wall Experimentally it is found 
that the ratio of the average velocity for the whole cross-section 
to the maximum value at the center line is higher than m straight 
line flow If the velocity at the center line be determined at a 
sufficient distance (50 pipe diameters) from any obstiuction, the 

1 Assume a large flat trough containing a stationary mass of liquid If a 
very large plate having the same density as the fluid be pulled through the 
mass of liquid in a horizontal plane, it will be found that adjacent layers 
will start to move, owing to cohesive action between the particles The 
particles nearest the moving plane will move more rapidly than those further 
removed, and hence there is set up a shearing action between the pai tides in 
adjacent planes When the velocity of a mass of particles of liquid m a plane 
of unit area and unit distance away from and parallel to the moving plate differs 
from that of the plate by unity, the force per unit area on the moving plate 
will be numerically equal to the absolute viscosity 
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ratio w/wmax IS approximately 0 8 (See Fig 20 ) The equa- 
tion of flow for turbulent motion is given by Fanning’s equation 


fpLu^ 4:fpLu^ 


(38) 


where m = hydraulic radius in feet =Siiea of cioss-section in square 
feet divided by wetted perimeter m feet = rf/4 for 
circular pipes 

p = density of fluid as Ihs per cu ft =62 3s, where s is the 
sp gr relative to water 

/= friction factor (no units) which vanes with the ‘‘ modu- 
, ,, dup 

lus , as shown later. 


The factor of four in the numerator in Eq (38) is omitted 
m a few text books, thus making the value of the friction factor 
foul times those given here, but the majority of engineers use the 
Fanning equation as given above, Eq (38) 

Critical Velocity — The velocity at which the type of motion 
changes from stiaight line to turbulent flow is called the critical 
velocity, and in practice may differ 
widely as shown below. If for any 
definite pipe diameter, viscosity, and 
density a plot (see Fig 22) be made 
with Ap as ordinates and u as ab- 
scissae, Eq (56) gives a straight line 
starting at the origin while Eq (38) 
gives a curve concave upwards which 
crosses the straight line at the criti- 
cal velocity It is an experimentally 
determined fact that for velocities 
less than the critical the flow will 
follow Eq (56) and for velocities greater than the critical the 
flow will correspond to Eq. (38).^ This is equivalent to stating 
chat the pressure drop at any given velocity will be the higher of 
the two values shown m Fig. 22, at a given pressure drop the 
velocity will be the smaller of the two values shown m Fig. 22 
Thus the less favorable of the two possible conditions is always 
obtained. 

Since at the critical velocity Uc the pressure drop is equal for 
1 See footnote on p 76 



Fig 22 — Critical Velocity 




76 


PRINCIPLES OF CHEMICAL ENGINEERING 


both types of motion, Eqs (56) and (38) may be equated m order 
to determine the critical velocity As shown later the friction 
factor f m Eq (38) varies with the velocity of the fluid and other 
conditions, and calling its value at the critical velocity fc, 


Apc = 


^2^L/Uc ^fcpLuc 

gdP’ 


Uc = 


gel 
16m 


whence 


fepd' 


(59) 


It will be shown on p 87 that the friction factor in cast-iron or 
steel pipes at the critical velocity is the same for all fluids, namely, 
/<; = 0.0170, hence Eq. (59) becomes /or all fluids 

. . (59n) 


Uc = - 


pd 


This equation states that the critical velocity is large for large 
absolute viscosity, small fluid density and small inside pipe 
diameter Of these three factors, two (m and p) vary with the 
nature of the fluid and the ratio (ju/p) is sometimes called the 
kinematic viscosity In calculations involving liquids, it is con- 
venient to replace p, d, and p by the terms 2 :, D and a, wheie 2 ; is 
the viscosity of the liquid at the temperature in question relative 
to water at 68° F , D is the pipe diameter in inches, and s is the 
sp gr of the liquid. By substituting p = 0 0006722, d = D/12 
and p = 62 3s in Eq (59a) the latter becomes, for steel pipe, 

0 1222 

. (596) 


1 When a fluid is flowing m straight line motion and the velocity is grad- 
ually increased, it is possible to obtain velocities higher than the critical and 
yet the flow will be in straight line motion This coriesponds to the unstable 
condition indicated by the line ah in Fig 22 In such a case the actual pres- 
sure drop would be given by Poiseuille’s law, Eq (56), but if the critical 
velocity be calculated by Eq (59) the pressure drop would be calculated by 
Eq (38) for turbulent motion, thus giving a calculated pressure drop higher 
than the actual one If the fluid be flowing in turbulent motion and the 
velocity be gradually decreased it might be possible to obtain unstable tur- 
bulent motion, as shown by the line ac in Fig 22 If Eq (59) be used to cal- 
culate the critical velocity, it would be assumed that the unstable flow is on 
the line oa for straight line flow in which case the calculated pressure drop 
would again be higher than the actual one Thus it is seen that it is wise in 
all cases to regard the point at which the two curves cross m Fig 22 a-s a defi- 
nite point, as calculated from Eq (59), for if unstable flow of either type 
develop the calculated pressure drop will be on the safe side, namely, higher 
than the actual 
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which is more convenient for liquids, and applies equally well to 
gases 

The following table shows the critical velocities calculated 
from Eq (596) for flow through a standand 2 in pipe Since the 
actual inside diameter of such a pipe is 2 07 in , (see p 101), for 
this case Eq (596) becomes 


0 1225 ; 
“ 2 67s 


= 0 0589 ^ 

s 


Calculated Critical Velocities in Standard 2-in Pipe 


Fluid 

Temp , 
op 

Abs 
press , 
atm 

Specific 
gravity, 
s = p/62 3 

Relative 

viscosity, 

centi- 

poises 

Critical 
velocity, 
ft /sec 

Hydrogen 

70 

1 

0 0000834 

0 0088 

6 2 

Air 

70 

1 

0 0012 

0 0184 

0 904 

Air 

70 

10 

0 012 

0 0184 

0 0904 

Steam 

212 

1 

0 00060 

0 0120 

1 18 

Steam 

357 

10 

0 00524 

0 0144 

0 162 

Water 

68 

Any 

1 0 

1 0 

0 059 

Refined oil 

68 

Any 

0 90 

10 0 

0 65 

California crude oil 

68 

Any 

0 963 

3,450 

211 


It Will be seen that the critical velocities of air and water are 
so low compared to those used in commercial pipe lines that 
straight line flow will not be found in practice for these fluids, 
unless the pipe diameter is quite small In the case of viscous 
oils, however, the critical velocities may be much higher than the 
velocities used in commercial lines Since the density of such 
liquids vanes but little, the critical velocity is determined mainly 
by the ratio of the viscosity to the inside diameter of the pipe 
As will appear on p. 87, the relation between pressure drop 
and rate of flow of fluid thiough a pipe line for both types of 
motion depends on the viscosity of the fluid Viscosity data may 
be obtained by the use of various apparatus, and for a given fluid 
varies with temperature The data may be expressed in several 
systems of units, hence these phases will be discussed before 
taking up the problems requiring the use of the equation of flow* 
Viscosity of Gases. — The absolute viscosity of a gas may be 
determined by applying a definite pressure difference at the two 




78 PRINCIPLES OF CHEMICAL ENGINEERING 

ends of a capillary tube of known length and diameter and observ- 
ing the rate of flow, m being calculated from Poiseuille’s law 
Such measurements are difficult to make, because it is difficult to 
obtain a capillary tube of uniform diameter This difficulty, 
however, can be avoided by measuring relative viscosity (see p 
80) Since the viscosity varies with temperature, the determi- 
nation should be carried out at a constant temperature Fig 23 
shows the viscosity of certain gases at various temperatures 
The viscosity of gases is approximately proportional to a positive 



Fig 23 * — Viscosity of Gases 

* Data from various sources m the literature 


power function of absolute temperature In plotting such data 
on logarithmic paper it is found to fall on very flat curves in most 
cases, the average slopes varying from 0 5 to 1 ^ Additional data 

1 According to kinetic theory, the viscosity of gases should be independent 
of pressure and directly proportional to the square root of the absolute tem- 
perature Experimental data show that the viscosity of carbon dioxide gas is 
practically independent of pressures from /jy to 1 atmospheres, and even at 
forty atmospheres pressure it has increased by only about 18 per cent 
(Jeans, ^^Dynamical Theory of Gases,'’ Camb Univ Press, 1904) How- 
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may be found m suitable physical-chemical tables, and it is cus- 
tomary to tabulate the absolute viscosity megs units The 
method of converting these to other units is given on p 85. 

Viscosity of Liquids. — The absolute viscosity of liquids may be 
determined by the use of a capillary tube, as discussed below, by 
the use of the MacMichael viscosimetei, and m other ways. 

In commercial work, the viscosity of a liquid is generally 
determined by measuring the time of efflux of a definite volume 
through a short tube m an apparatus called a viscosimeter Thus 
a liquid with a viscosity of 80 Saybolt is one requiring 80 seconds 
to discharge a volume just sufflcient to fill the chamber of the 
Saybolt viscosimeter through the orifice of that instrument under 
the changing though definite head which that instrument gives 
The pressure drop through the tube itself is dependent upon the 
absolute viscosity of the liquid, but the entrance and exit losses 
are practically independent of the absolute viscosity; hence the 
absolute viscosity is not directly proportional to the time of 
efflux 

The relation between the time of efflux {d) in seconds and the 
viscosity varies for different makes of viscosimeters, and some- 
times even for the various instruments supplied by a given manu- 
facturer Such instruments are calibrated against liquids of 
known viscosity. For the new standard Saybolt, the relation, is 
as follows 

1=0 220(0)-^, . ... (65) 

where z is the viscosity at any definite temperature relative to 
water at 68° F. and s is the specific gravity at the temperature in 
question Thus an oil of 100 Saybolt seconds and sp gr of 0 9 
at 160° F. would have at this temperature a relative viscosity of 
(20 2) (0 9) = 18 2. This empirical equation is satisfactory 
where the flow through the Saybolt nozzle is viscous. If liquids 
of low viscosity are used this will not be the case and hence the 
equation is inapplicable. For example, it would indicate a nega- 
tive viscosity for a time of discharge less than 28 6 sec. 

As indicated above, the absolute viscosity of a liquid may be 
determined by observmg the time of efllux of the fluid through a 

ever, the exponent of the absolute temperature is nearer unity than the 
value of 0 6 called for by the kinetic theory 
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capillary tube. Lang ^ has shown that viscosity may be deter- 
mined quickly and with reasonable accuracy by the use of a 
capillary tube, the lowei end of which dips into a large dish con- 
taining the liquid being tested. The tube is adjusted so the 
liquid rises by capillarity to a definite, fixed mark A second 
mark is chosen somewhat above this Suction is then applied to 
the top of the capillary tube and a column of the liquid is drawn 
up above a third mark near the top of the tube The column is 
allowed to fall and the time (^a:) required for the liquid to fall 
from the third to the second mark is observed From a similai 
observation on the time {6s) for a standard liquid whose absolute 
viscosity is known, the viscosity of the liquid x is calculated from 
the following equation, derived from Poiseuille’s law. 


Ma? ^x{ps^ 
Ps Gsips)^ 


( 66 ) 


where p is the liquid density. 

Inasmuch as the viscosity of most liquids changes quite 
rapidly with the temperature, for accurate work the capillaiy 
should be jacketed This approximate method should not be 
used where the viscosity of the standard liquid and that of the 
liquid in question are widely different. 

In the case of liquids, the viscosity always decreases as the 
temperature rises. Where data at a few temperatures only are 
available, it is often necessary to interpolate and sometimes to 
extrapolate on the curve of viscosity versus temperature, but there 
IS no satisfactory simple equation which can be used to predict 
the viscosity for all liquids. As shown in Fig. 24 the curvature is 
great at some temperatures and little at others It is well known 
that interpolation and extrapolation are most reliable when the 
data can be made to approximate a straight line relationship. 
Thus by plotting the reciprocal of the viscosity against the temp- 
erature, or the logarithm of viscosity versus the reciprocal of the 
absolute temperature, or the logarithm of viscosity versus the log- 
arithm of the absolute temperature, or the logarithm of viscosity 
versus the temperature, the curvature is greatly reduced, but 
none of these methods gives a straight line relationship m all 
cases Although the method ^ illustrated by Fig. 25 has not yet 

^ Undergraduate Thesis, M I. T , 1914 
2 A W Porter, Phil Mag , 23, 458, (1912). 
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been given a thorough test it is believed that it possesses inteiest- 
ing possibilities Heie the ordinates aic the temperatuie of the 
liquid in question, while the abscissae are the temperatures at 
which some standard liquid has the same viscosity, and it will be 
noted that straight lines are obtained for most of the cases con- 
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20 60 100 140 180 220 

WATER TEMPERATURE, DEGREES FAHR. 

Fig 24 — Viscosity of Water. 


sidered In this connection it is necessary to have data for 
standard liquids covering various ranges of viscosity, and a group 
of such curves is shown by Fig 26. It is suggested that the 
standard liquid chosen for a given case be similar to the liquid 
with which it IS being compared, eg jfoT aqueous solutions use an 
aqueous solution as the standard liquid, etc. 
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HerscheP has recently shown that Oelschlager’s assumption 
of a straight line relationship between the logarithm ot absolute 
viscosity and the logaiithm of the temperature in degrees Fahr- 
enheit is sufficiently accurate for practical purposes, “if only oils 
of medium viscosity are considered, excluding spindle and air- 
plane motor oils, as well as fatty, compounded, and unrefined 
oils” (See Fig 27, p 84) 

Porter 2 states that a rough parallelism exists at a given 
temperature between vapor pressure and fluidity (the inverse 
of viscosity). Thus liquid carbon dioxide has a very low 
viscosity while a high boiling petroleum oil is very viscous 



Fig 25 — Porter’s Method for Prediction of Change of Liquid Viscosity with 

Temperature 


As already stated, the viscosity of all liquids decreases with 
rise in temperature. This fact is of great importance m the 
pumping of oils. A certain crude oil at 120° F. has only its 
viscosity at 60° F. If the flow is straight line, by pumping at 
120° F. the pressure drop will be reduced to the drop at 60° F 
If the flow is turbulent, since / varies only as approximately the 
fourth root of z (see Fig. 28) the drop at 120° F. will be | the 
drop at 60° F. Hence it is seen that the advantage of pumping 

1/ Ind Eng Chem, Yol 14, No 8, 715-723 1,1922) 

2 A. W Porter, loc cit 
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hot instead of cold is greater if the flow be straight line in chaiacter 
lather than turbulent 

Conversion of Viscosity Units. In the c g s system; the units 
for }x are 

(dynes pei sq cm ) _ (second) (dynes) 

(cm per sec per cm ) (sq cm ) 



Fig 27 — Logarithmic Viscosity-Temperature Diagram Unless otherwise 
designated, the lines are for Paraffin Base Oils 

Since a dyne is a gram centimeter per sec. per sec , these units, 
reduce to (gms )/(sec.) (cm ) . Similarly, m the English system, 
the units oT absdute v^co^^ are (sec.) (poundals)/(sq ft) or 
(lbs) /(sec) (ft) Thus in order to convert absolute viscosity 
from the c g s to the English system, it is necessary to convert 
(gms.) / (sec ) (cm.) to (lbs )/(sec ) (ft ). The factor by which 
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the c g s value must be multiplied to convert it to English units 
IS, therefore, 30 5/454, or 0 0672 For example, the absolute 
viscosity of water at 68° F (20° C ) is 0 0100 c g s units (some- 
times called ''Poises’O or (0 0100) (0 0672) =0 000672 Eng units. 

The viscosity of a fluid relative to water at 68° F is merely the 
ratio of its absolute viscosity to that of water at 68° F , both 
absolute viscosities being in the same units Thus a liquid hav- 
ing an absolute viscosity at 150° F of 0 200 c g s units = (0 01344 
Eng units) has a relative viscosity of 0 200/0 0100 = 20, or 
0 01344/0 000672 = 20 

The method of converting Saybolt seconds to relative vis- 
cosity has been given on page 79 

Friction Factors for Turbulent Motion. — When the velocity 
in question is above the critical value, it has been shown that the 
relation connecting the pressure drop and velocity is given by 
equation (38) for turbulent motion This involves the friction 
factor/ In the past, engineers have employed various empirical 
equations showing / as a function of one or more of the following 
variables * inside diameter of pipe (d) m feet, average velocity of 
fluid (u) mfeet per second, density of the fluid (p) as lbs per cu ft , 
absolute viscosity of the fluid (jjl) in second poundals per sq ft , and 
roughness of the surface {a) 

Thus equations were obtained from which / for a particular 
fluid could be calculated, but they were limited to a certain 
definite range in variation of the particular variables employed 
Often variables omitted from a given formula were quite impor- 
tant, thus making the value of / so calculated unreliable 
Recently engineers have recognized the fact that the friction 
factor for any fluid is a function of all of the variables named 
above, i e , that/=0i(dup/M); (p^i^/d) ^ Since it is not conven- 
ient to assign quantitative values to a/ d, the relation between/ 
and the modulus dup/ p is experimentally determined for pipes of a 
given range of relative roughness For this reason the best corre- 
lation is obtained with data for smooth pipes This relation was 
discovered^ many years ago, but it was presented in such a man- 

1 The discussion is here confined to cases where the ratio of length to 
diameter is at least 200 For shorter pipes l/d must also be considered, 
but this effect may be allowed for by applying end corrections, as on pp 
90-91 See also Herschel, Ptoc Am Ctvtl Eng , 84 (1921), 527 

2 Reynolds, Trans Roy Soc London, 1883 , 935, see also Helmholtz, 
Wtssenschafiliche Ahhandlungen, I, 158, (1873) 
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ner that it has only recently been adopted by engineers The 
most rehable accessible data on gases, water, and oils for turbulent 
flow in circular pipes have recently been correlated,^ and it was 
found that all fluids having the same modulus give the same 
friction factor The value of n (the slope of the curve obtained 
by plotting / versus dup/jj. on logarithmic paper, as m Fig 28), 
varies from about — 0 4: to 0 2 or less, and for this reason it is 
most convenient to read the value of / from a plot of / as a func- 
tion of the modulus Since the authors of the paper just 
quoted were interested primarily in liquids, the modulus was 
given in terms of {Dus/z) instead of {dup/p). The curves rep- 
lesenting the most reliable data are shown m Fig 28 

As stated above, when the flow is turbulent the modulus 
Dus/z IS calculated and / is read from Fig 28 and substituted in 
Eq (38), Ap = 4/piw2/2sfd. 

A glance at Eq (38) foi turbulent motion will show that it 
may be made to give the same result as Eq (56) for straight line 

flow (Ap = 32iiLu/gd^) by placing in Eq (38) /=^- Since it is 

convenient in the case of liquids to deal with z, D and s instead of 
p, d, and p, this expression for/, on substituting ix = 0 000672^, 
d= D/12, and p=62 3s, becomes f=0 00207z/Dus. Thus Eq 
(38) may be used foi both turbulent and straight line flow, if in 
the case of the former /is determined by Fig 28 and in the case of 
the latter / is deterimned by 

f-O 00207^ (67) 

Eq (67)2 has also been plotted on Fig 28 so that for both types 
of motion / is read from Fig 28 and is substituted directly into 
Eq (38) 

Ap=4fpLu^/2gd. 

By this method %t is unnecessary to know which type of motion exists, 
but as a matter of interest, it will be turbulent if the abscissa falls to 
the right and straight line flow if the abscissa falls to the left of the 
intersection of the two lines on Fig. 28. This intersection for steel 

1 WmsoN, McAdams, and Seltzer, J Ind Eng Chem , Vol 14, No 2, 
pp 105 to 119 (1922). 

2 Where the line marked /=0 00207 (z/Dus) on Fig 28 runs off the plot 
to the left, / may be calculated by Eq (67) 
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^ The curve for turbulent flow m steel pipes is based primarily on data for 1- to 4-in pipes Foi pipes smaller than 
1 m j f should be increased by 10 per cent, for veiy large pipes, the curve shows conseivatively high values, since the 
data for the large sizes approach closely the curve drawn for copper The curve shown for viscous flow is collect for 
pipes of both copper and steel These curves are based on isothermal flow Under conditions of heating or cooling, 
considerable deviations occur, especially where the temperature coeflScient of viscosity is large, as for viscous liquids 
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and cast-iron pipes is at Dus/z = Q) 122 and for drawn copper and 
brass pipes at Dms/s = 0 144 

Illiistration 8 — What is the pressure drop as pounds per square inch per 
mile of horizontal 6 07 i d steel pipe and the theoretical hp required to 
transmit lOOO barrels of oil per hour if {z/s) i is (a) 50 and (6) 470*^ (One oil 
bbl =42 U S gals , sp gr =0 90 ) 

Solution —(a) The average velocity through the pipe is 


(42) (1000) 

(3600) (7 48) (6 07) (6 07) (0 785)/144 


= 7 77 ft per sec 


The value of Duslz^ (6 07) (7 77)/50 = 0 943, and as shown in Fig 28 the 
corresponding value of / is about 0 010 
By Eq (38) the pressure drop per mile = 


/ / J ^ 

4fpLu^ ^ _ (4) (0 QIO) (62 3) (0 9) (5280) (7 77) (7 77 ) 

2gd (2) (32 2) (6 07)/(12) 


21,900 lbs per sq ft or (21,900/144) =152 lbs per sq in The theoretical 
power required to transmit the oil is determined by the c f p m and the intens- 
ity of pressure necessary to overcome friction and furnish the ‘^velocity 
head " The latter term is 


(7 77) (7 77) (62 3) (0 9)/ (64 4) =52 6 lbs per sq ft , 

which IS negligible in comparison to 21,900 lbs per sq ft due to friction 
The theoretical power required 


(1000) (42) (21,900) 
(60) (7 48) (33,000) 


=62 hp (theo ) 


The actual value will be the theoretical one divided by the efficiency of the 
pump 

(b) Here Dus/z=(Q 07) (7 77)/470 = 0 100, and from Fig 28, /=0 0207 
Eq (38) IS used as before, even though the flow is now straight hne 

(0 0207) 

mstead of turbulent, and hence the pressure drop = (152) =315, 

(0 0100 ) ' 

which IS 107 per cent higher than in case (a) Theoretical hp = (2 07) (62) = 
128 


^ Eef erring to Eq (65), p 79, it is seen that the corresponding Saybolt 
viscosities would be 231 and 2140 seconds, respectively 
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B, Sections other than Circular 


For turbulent flow inside sections other than circular, the 
Fanning equation, 


Ap = 


fpLu^ 
2gm ’ 


(38) 


holds, the units being the same as those given under the preceding 
heading Practically no data are available for the friction factor 
for sections other than circular, hence it is suggested that the 
hydraulic radius for the section in question be figured and mul- 
tiplied by 4, giving the equivalent diametei of a circular pipe 
having the same hydraulic radius The value of /, which is a 
function of Dusjz, is then read from Fig 28, p 87. 

For straight line flow mside sections other than circular, 
equations are available for “ annular sections (such as the 
space between 2X3 in std double pipe coolers), and parallel 
plates, such as the spaces between diier shelves These equa- 
tions are similar to Poiseuille^s law for a circular pipe, and are 
given in the Summary of Equations, p. 94, together with the 
equations for critical velocity foi flow through annular spaces and 
between parallel plates 

For the important case of the flow of air at right angles to 
staggeied steam pipes as commonly used m so-called hot blast 
heaters, data are available for the relation between the total drop 
in pressure, the air velocity and the number of rows through 
which the air passes m series The following appioximate 
(empirical) equations have been derived from the data for Sturte- 
vant ^ heaters. These data are used in the design of a hot blast 
heater, see pp 158 to 159. 

For 1-m pipe (o d = 1 281 in ) on 2t-in. centers (39 7 per 
cent free area ”)^ 

r = [0 000172+0 0000438iV]u2 

For 1-m pipe (o d. = l 281 m) on 2|-in centers (51 2 per 
cent ^Tree area^O^- 

r = [0 000177+0 0m212N]u^ 

1 '‘Data Book for Engineers and Architects,” B F Sturtevant Co Hyde 
Park, Mass , (1917) 

2 Refers to Sturtevant or Regular, London, and Mitre Types 

® Refers to Sturtevant Heaters of Mxtre Type. 
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For 1-in pipe (o d = 1 281 m ) on 2f-m centers (55 3 per 
cent free aiea , 

r=[0 000174+0 0000251iVK 

Nomenclature 

r = inches of watei, 

2 ^ = average an velocity (i educed to 65° F and normal 
barometer) thiough free area at center line at right 
angles to flow, expressed as feet pei second 
N = Number of rows through which air passes in senes. 

Note — These data cover a range of from 10 to 35 ft per sec. 
and from 8 to 32 rows 


VI. CONTRACTION AND ENLARGEMENT LOSSES OF 
GASES AND LIQUIDS 


Enlargement Loss. — When the cross-section is suddenly 
enlarged as shown in Fig 29, a portion of the velocity pressuie 
present in the upstream (smaller) section is transformed into 

static pressure in the down- 
stream (larger) section, while 
the residual portion is lost due 
to the impact of the fast 
moving particles from the 
smaller section on the slow 
moving particles in the en- 
larged section ^ The net i esult 
is that the dov/nstream pressure is greater than the upstream, 
but IS less than if theie had been no loss This enlargement 
loss ” IS determined by the square of the difference of the 
velocities in the smaller and larger sections, as indicated by the 
following equation. 



Fig 29 — Enlargement Loss 


Nh = 


{Ui — U2f 


(62) 


where Nh is the lost head expressed in feet of fluid of the down- 
stream density, ui and U 2 are the average fluid velocities as 

^ The fluid m the space outside the enlarging cone of moving fluid is sub- 
stantially motionless, as indicated in Fig 29 
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feet/second at the upstream and downstieam sections respect- 
ively, and gr IS 32 2 It per sec per sec 

Contraction Loss. — When the cross-section is suddenly reduced 
as shown m Fig 30, a portion of the static pressure present at 
the upstream (larger) section is transformed 
into velocity pressure m the downstream 
(smaller) section, while the residual portion 
is lost by impact As shown diagrammati- 
cally the stream contracts from the cross- 
section at a-a to that at h-b and then enlarges 
from the cross-section at h-b to that at c-c 
The overall loss from a-a to c-c is called the 
“ conti action loss ’’ 

The contraction loss ” is determined by the square of the 
fluid velocity in the smaller section and the ratio ol areas of the 
smaller and larger areas as shown by the following equation, 



Ci b c 


Fig 30 — Contrac- 
tion Loss 


Ah = 


K{u2Y 
2g ’ 


(63) 


where Ah is the lost head expressed as feet of fluid of the density 
existing at the downstieam (smaller) section, U 2 is the fluid 
velocity as feet per second at the downstream (smaller) section, 
^ = 32 2 ft per sec per sec , and K decreases from 0 5 to 0 as the 
ratio A 2 /A 1 , the ratio of the downstieam (smaller) area to the 
upstream (larger) area, increases from 0 to 1 0 as shown by Fig 31 
Importance of Contraction and Enlargement Losses. — In 
many cases of turbulent motion the loss m pressure is due not only 
to the friction of the fluid flowing past the walls but also to the 
losses caused by sudden changes in the cross-sectional area of the 
path It IS important to be able to predict whether losses of the 
latter type may be neglected in comparison with the former. 
Calling X the number of contractions and y the number of enlarge- 
ments (m general x = y)j the total loss m head due to friction 
and sudden changes m cross-section is 


(A/i) = 


2gm 


(K} 


(U2)^ 

2g 


(ui—u2y 


Thus it is seen that in any particular case the relative magnitude 
of losses due to change in section to that due to friction is inde- 
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pendent of the velocity/ as long as the flow be turbulent The 
mam factor is seen to be the ratio of {Kx+y) as compared to 
(fL/m) Hence in long conduits the contraction and enlargement 



Fig 31 — Coefficient in Contraction Loss Equation 


losses are negligible in comparison to the friction losses, whereas 
in many types of driers the friction loss may be almost negligible 
compared to the contraction and enlargement losses. 

^ It IS obvious that the velocities at the various points may be expressed 
m terms of the velocity at any chosen section by means of area ratios 
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SUMMARY OF EQUATIONS FOR FLOW OF GASES, 

VAPORS, AND LIQUIDS 

Part I — For Gases and Vapors where Pressure Drop is 
Less than Ten Per Cent of Downstream Absolute 
Pressure and for Liquids for all Percentage Pres- 
sure Drops 


I. Standard Orifice 

When diameter of orifice chamber is at least 5 times that of 
orifice . 

U2 = c^2g(Ah), . (18) 

where U 2 = average linear velocity through orifice 

For sharp-^edged orifice (hole drilled in a to j^-in metal 
plate, or thicker plate beveled to a sharp edge, the beveled side 
being downstream), c=0 61. This does not apply where the 
thickness of the plate is appreciable compared to the diameter of 
the orifice. 

For rounded orifice (hole drilled in a J-in. plate, the upstream 
edges being rounded accurately on a j^-m. radius) c = 0 98 

When diameter of orifice chamber is less than five times that 
of orifice 

^U2^—ui^=c'^2g{Ah)j . . (19) 

where c must be experimentally determined for the case in ques- 
tion 

Note — Usually the drop through an orifice is much less than 
10 per cent of the downstream absolute pressure; for an installa- 
tion operated continuously it is generally uneconomical to have 
a high percentage drop. 

n. Ventun Meter 

^U 2 ^ — ui^ = 2g(Ah ) . . (28) 

For well-made Ventuii meters with proper angles of divergence 
and accurately bored throats, c=0 98. 

m. Pitot Tube 

For all pressures and readings 

UMt = cV2g{Ah), 


( 35 ) 
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where is the actual velocity at the point where reading is 
taken Tor data concerning the ratio of the average velocity to 
that at the center line of the pipe, see p 66 

The value of c langcs from unity for the type of instrument 
shown in Fig. 18, p 63, to 0 84 for the more compact types. 


IV Pipes and Conduits 


(A) Turbulent Flow of Gases, Vapors and Liquids 

, , (/) {L) (uy*_(2) (/) (L ) (»)n 

(2) (g) (m) (g) (d) 


(38) 


For values of /, see Fig 28, p 87 

(B) Straight Line Flow for Gases, Vapors, and Liquids 

For Circular Pipes t 

SeeEq (38) and Fig 28, p 87, also p 100 If desired, the fol- 


lowing may be used 

Ap = (p) [Ah) = 


(32) (p) (L) [u) 

[g) id)^ 


(56) 


Between concentric pipes. ^ 
Ap = [p) (AA)=- 


SfiLu 


ri^+rp — 


[ri^—ri^y 


In 


n 


(57) 


where r 2 and ri are the radii of the outer and inner bounda- 
ries, respectively, of the annular space 

For space between drier shelves (Parallel Plates) ^ 


Ap = (p) [Ah) = 


(12) (p) (L) [u) 

[g) W 


(58) 


(C) Critical Velocity 

As indicated by the solid hnes in Fig 22, p 75, the pressure 
drop obtained is always the higher of the two possible values 
Hence, below the critical velocity use equations for straight line 
flow, above the critical velocity use the equations for turbulent 

* For flow through ducts of any cross-section, see p 89 

t For flow through ducts of circular or square cross-sections only This 
formula has been substantiated for the flow of air, steam, water and oils having 
a wide range of viscosities using commercial pipes from 1 m to 12 m m diam- 
eter 

1 Equations from Lamb, Hydrodynamics of Fluids,"' 3id Ed , Cambridge 
Umv Press (1906) No data are available to verify these equations 
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flow. The equations foi the ciitical velocity through various 
shaped sections ai e shown below 
For circular pipes' 


Uc = 


16/1 

fopd 


For space between concentric pipes 

8/t(r2-ri) 


w<,=- 


fcP 




7 n 

lUe— 

Ti 


(59) 

(60) 


For space between parallel plates 

, 12/z 
fcpei 


Uc — 


(61) 


In all cases it will be noted that the equations show a high 
critical velocity for high viscosity, low density, and small diam- 
eter or clearance Since /c increases with the “roughness” of 
the pipe, the rougher the pipe, the lower will be the critical 
velocity 


V. Enlargement and Contraction Losses 


For sudden enlargement in section: 

AhUjU^. ‘ ’ ( 62 ) 

2g 

where Ui and U 2 are the average velocities of fluid in feet per 
second m the smaller and larger sections, respectively 
For sudden contraction in section 

(63) 

where U 2 is velocity of fluid in feet per second in contracted section, 
K varies from 0 5 to 0, depending on the ratio of areas of con- 
tracted to original section, as shown m Fig. 31, p 92 


VI. Work 


Theo. hp = 


m (G) (Ap) {Q2) _ m (p) m 

550 550 550 


(64) 


where Ah, p, and Q 2 are expressed in terms of the downstream 
density The actual work is obtained by dividing the above by 
the mechanical efliciency of the fan, exhauster, or blower 
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Part II For Gases and Vapors, where Pressure Drop 
Exceeds 10 Per Cent of Downstream Absolute Pres- 
sure (for Liquids See Part I) 


I A. standard Orifice, Gases and Vapors, Chamber Diameter is at Least 
Five Times Orifice Diameter 


Pressure drop is 10 per cent to 20 per cent of downstream 
absolute pressure 

U2 = c^( 2) (9) (b) (T) . (13)1 

Pressure drop is over 50 per cent of upstream absolute pressure 


(? = cApi 



where downstream pressure, ^ 2 , must be less than 


(25a) ^ 



Thus for the permanent diatomic gases and steam the downsti earn 
absolute pressure must be less than 53 per cent and 55 per cent, 
respectively, of the initial absolute pressure 


Since h for air is 1 404, (25a) becomes 


G= (0 (Fhegner’s Equation) . (26)i 


For steam (19) becomes approximately 

G=^. (Napier’s Equation). . . (27)i 


I. B Standard Orifice, Gases and Vapors, Chamber Diameter Less than 
Five Times that of Orifice 


For any percentage pressure drop 

Value of c should be experimentally determined for the con- 
ditions existing 


^ For values of c, see Part I of Summary 
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II. Venturi Meter 

For Gases and Vapors 

Vu 2 ^-ui^ = cyJ(2) (g) (b) (T) ... (7) 

Note — For values of c, see Part I of Summary. 

ni. Pitot Tube 

For gases, vapors and liquids, and for all percentage pressure 
drops, use same equations as given under Part I of Summary. 

IV. Pipes and Conduits 
A Turbulent Flow {Gases and Vapors) 

For any cross-sectional shape of length less than 1200 
diameters but not extremely short 


M (B) (p m 

n / 

.... ( 51 .) 

\ [(ss) +('“•§). 

For any cross-section of length at least 1200 diameters long 
/ (g) (m) (B) (T) 

V (M) W) (/) (L) 

(6&) 

Note — For values of /, see Fig 28, p. 87. Do not apply 
these equations to extremely short tubes or orifices, as these 
equations ignore entrance and exit losses To allow for bends, 
valves, etc , see Table II and Fig 32, p 100 

B Straight Line Flow {Gases and Vapors). 

No equation is given for this case as it is not found in practice 

V. Work 

For gases and vapors^ adiabatic compression: 


. (52a) 


. (52c) 


Theo hp. = 


G{k) (p: 
(550) (k 




Theo hp 


778n TiMCp 
550 


)MC, _ 1 I = 
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Note — This is the sum of the compression and expulsion 
work, less admission work Actual hp of compressor or blower 
IS theoretical value divided by mechamcal efficiency. 

Nomenclature 

Explanation of Subscripts 

1 refers to upstream section 

2 refers to downstream section 
act refers to actual 

max refers to maximum 
c refers to condition at the critical velocity 
s refers to a standard liquid 

X refers to any liquid other than the standard one 
w refers to water 

Explanation of Symbols (English Units) 

A = Area of cross-section in sq ft 

a — Clearance between drier shelves or between concentiic pipes, m feet 
5 = “Gas constant'^ = 1544, pv = BT/M — hT 
h = Constant in gas law = B/M = 1544/ AT 
c — Coefficient of discharge 
d = Inside pipe diameter in feet 
D = Inside pipe diameter in inches 

^ = Intrinsic energy per lb of fluid = B t u content above 32° F 
/ = Friction factor (no units) (See Fig 28 foi values ) 
g — Z2 2 ft per sec per sec 
G = Rate of flow of fluid as pounds per second 
h = Fluid head expressed in feet of fluid flowing 
A/i = Differential head and pressure drop, expressed in feet of the fluid of 
downstream density ^hi — hz— Ap/p 

H = Heat imparted to a flowing fluid from an external source, in fooL 
pounds per pound of fluid 

k = Ratio of specific heat at constant pressure to specific heat at constant 
volume (See Table I, p 99, for values ) 

K = Coefficient m contraction loss equation (See Fig 31 , p 92, for values ) 
Frictional length in /eei = actual length of straight pipe plus equivalent 
length due to valves, bends, etc , expressed in feet For values of 
equivalent lengths, see Table II and Fig 32, p 100, 
ikf = Average molecular weight (no units) For air, M = 29 
m — Hydraulic radius in /eei—area of clear cioss-section in squaie 
feet/ “wetted” perimeter of section in feet — cu ft clear 
volume/sq ft “wetted'^ perimeter 
n = Rate of flow of fluid as pound mols per second 

Zn = Logarithm to the “natural” base e =2 3 times logarithm to the base 10 
p = Absolute pressure m Ihs per sq ft 

Ap- Pi ~-p 2 = differential pressure and pressure drop Expressed m lbs per 
sq ft =(Ah) (p) 

Qi = Rate of flow of fluid as cubic feet (measured at downstream density) per 
second =Q 

T — Radius, expressed in ft 
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R = Mechanical work impaited to a flowing fluid from an external source, 
foot-pounds per pound of fluid 

Specific giavity of fluid at temperature m question relative to water 
at room tempeiature {no units) 

T — '^F absolute temperatuTe=''¥ — 8) (°C absolute) 

•u= Average hneai fluid velocity in Jeet per second 
^act velocity m feet per second where the point of Pitot tube is 

inserted This is not the average velocity 
Maximum velocity of fluid a.s feet per second 
tic = Cl itioal (average) velocity of fluid m feet per second 
i = Specific volume of fluid = l/p = cu ft per lb 
W ~ jpdi) = Work of expansion, foot-pounds per pound of fluid 
a; = Potential head, in feet above datum 

2 : = Relative viscosity of fluid at temperature in question, referred to 
(liquid) watei at 68° F —centipoises 

Explanation of Greek Symbols 

fi — Absolute viscosity of fluids in English units {lbs per sec per ft ) or 
(poundals) (see )/ (sq f t ) — absolute viscosity m c g s ^ units, 
(gms )/(sec )/cm , 01 (sec) (dynes) /(sq cm), multiplied by 
0 0672 For liquids, p (in Eng units) =0 000672^ 

Absolute viscosity of water in English units See Fig 24, p 81, for 
data, and p 85 for conversion factors 
p = Fluid density as lbs per cu ft at downstream section, (at room temp = 
62 3s) 

i9 = Time in any convenient unit 


TABLE I 


Average Value of “/c’’ (Ratio op Specific Heat of Gases and Vapors 
AT Constant Pressure to Specific Heat at Constant Volume) 2 


Monatomic Gases (A, He, Hg) 

Permanent Diatomic Gases (Air, O 2 , N 2 , H 2 , CO) 
Hydrochloric Acid Vapor (HCl) 

Chlorine Vapor (CI 2 ) 

Caibon Dioxide (CO 2 ) 

Sulphui Dioxide (SO 2 ) 

Steam (H2O Vapor) 

Ammonia Vapor (NH3) 

Methane (CH4) 

Acetylene (C 2 H 2 ) 

Ethylene (C2H4) 

Ethane (C 2 H 6 ) 

Carbon Bisulphide (CS 2 ) 

Benzol (CeHe) 

Ethyl Ether (C4H10O) 


k 

1 667 
1 405 
1 40 
1 36 
1 30 
1 26 
1 28 
1 30 
1 31 
1 26 
1 24 
1 22 
1 20 
1 10 
1 08 


iThis cgs unit of viscosity is sometimes called a ^ ‘ poise Water at 

20° C has an absolute viscosity of 0 010 “poises,” or 1 0 centipoise 
2 Taken from various sources m the literature 
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TABLE II 

Equivalent Lengths, Expressed as Diameters op Additional 
Straight Pipe (For turbulent motion) 


90° Elbows,^ 1 m to 21 in 30 

3 in to 6 m 40 

7 in to 10 in 50 

Globe Valve, ^ 1 in to 2| m 45 

3 in to 6 in 60 

7 m to 10 in 75 

Tees, 2 1 in to 4 m, full size branch 60 

90° Cuives,^ same inside dia as pipe 

center line radius = dia of pipe 20 

center line radius =2 to 8 dia 10 

Square Elbow, ^ (intersection of two cylinders) 50 

Entrance loss, See p 91 
Exit loss, See p 90 


^ E Miller, Notes on Heating and Ventilating,” MIT 

2 Marks, Mechanical Engineers’ Handbook,” McGraw-Hill, N Y (1916) 

3 Trans. Am Soc C E , 62, pp 67 to 112 (1909) 



z 


Fig 32 —Equivalent Frictional Lengths of Standard 90°-Elbows 

Wilson, McAda.ms, and Seltzer, J' Znd Eng Chem , Vol 14, No 2, 105-119 (Feb , 1922). 
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TABLE III 


Standakd Full-weight Wrought-iron and Steel Pipe 
(National Tube Company) 


Nominal 

diameter, 

inches 

Actual 

external 

diameter, 

inches 

Approximate 
internal | 

diameter, 
inches 

Nominal 
weight per 
foot, 
pounds 

Number 
of threads 
per inch 
of screw 

1 

s 

0 405 

0 27 

0 24 

27 

1 

4: 

0 540 

0 36 

0 42 

18 

3 

8 

0 675 

0 49 

0 57 

18 

i 

0 840 

0 62 

0 85 

14 

3 

4 

1 050 

0 82 

1 13 

14 

1 

1 315 

1 05 

1 68 

111 

li 

1 660 

1 38 

2 27 

111 


1 900 

1 61 

2 72 

111 

2 

2 375 

2 07 

3 65 

111 

2i 

2 875 

2 47 

! 5 79 

8 

3 

3 500 

3 07 

7 57 

8 

3i 

4 000 

3 55 

9 11 

8 

4 

4 500 

4 03 

10 79 

8 


5 000 

4 51 

12 54 

8 

5 

5 563 

5 05 

14 62 ; 

8 

6 

6 625 

6 07 

18 97 ] 

8 

7 

7 625 

7 02 

23 54 

8 

8 

8 625 

8 07 

24 69 

8 

8 

8 625 

7 98 

28 55 

8 

9 

9 625 

8 94 

33 91 

8 

10 

10 750 

10 19 

31 20 

8 

10 

10 750 

10 14 

34 24 

8 

10 

10 750 

10 02 

40 48 

8 

11 

11 750 

11 00 

45 56 

8 

12 

12 750 

12 09 

43 77 

8 

12 

12 750 

12 00 

49 56 

8 

13 

14 000 

13 25 

54 57 

8 

14 

15 000 

14 25 

58 57 

8 

15 

16 000 

15 25 

62 58 

8 
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DERIVATION OF EQUATIONS FOR THE FLOW OF FLUIDS 

Simplification of Beinoullfs Theoiem 

As given in the introduction of this chapter, the foim of 
Bernoulli’s theorem most frequently used for 1 lb of fluid is 

xi+vivi+^+R^W=xo^+P2V2+'^^^+F (2)1 

As has been stated, all terms in this equation are mutually con- 
vertible, are expressed in the same units, i e , feet of fluid flowing, 
and are called “ heads ” This equation is the mathematical 
statement of the equality of the sum of all forms of mechanical 
energy possessed by the fluid at one section of a continuous 
system and of all forms at a second section, corrected for such 
energy received or dissipated between the two sections 

In all equations which follow, for the sake of simplicity, the 
term R has been omitted, inasmuch as the mechanical woik 
added by a pump is best considered separately In deriving 
equations F is also omitted, but allowance for friction is made 
wherever necessary 

It is impossible to use Eq (2) unless one is able to evaluate 
the term, W=J'pdv This can be done only when the functional 
relation between p and v is available for the conditions involved 
One must always know the equation of state of the fluid and 
furthermore have definite information as to the external conditions 
imposed upon it. The following important special cases aie 
frequently met in industrial practice 

(a) Flow at Constant Temperature — Liquids and gases are 
usually transported at atmospheric temperature, and most 
instruments for measuring the rate of flow are operated under 
isothermal conditions. Now, in the case of perfect gases, owing 
to the constancy of the '' pi^-product ” at constant temperature, 
the pz;-term disappears In the case of liquids, since these are 
practically incompressible, the specific volume remains constant, 
and W becomes zero. 

1 The differential form of Eq 2 is as follows 

X + pv A- dR A- pdv — x dx pv A- dfpv) -f + dF 

Whence dE — vdp = dr -f + dF 
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ThuS; for isothermal flow of perfect gases the general form of 
Bernoulli's theorem is, 

^/2g +W =X 2 +U 2 ‘^/2g (2a) 


For the isothermal flow of liquids^ 2^i = z ^2 = 1/p, 1F = 0, and 
hence (2) becomes, 


1 Pi I I Wj' 

Xi+~+-^ =X2+~+-^ 

P 2g P 2g 


P2 , U2^ 


(26) 


(6) When Change in Potential Head is Negligible — Gases and 
vapors aie usually moved at velocities a great deal higher than 
liquids, and the TF-teim is usually much greater In consequence, 
the x-teim which appears only when the direction of flow is not 
horizontal, becomes of relatively httle importance, and can often 
be neglected When a differential gauge is used in determining 
the piessure differences, as is usually the case for gases, the two 
values of x automatically balance each other, giving 


Ui^ 



(2c) 


All of these simplifications, each allowable under special conditions, 
result in modifications of Bernoullfls theorem, thus changing its 
appeal ance, and use These special cases will be discussed in 
detail m the following order 


A, Gases and Vapors 

Introduction (Adiabatic versus Isothermal Flow) 

(la) Standard Orifice (Small Percentage Pressure Drop). 
(16) Standard Orifice (Large Percentage Pressure Drop). 
(II) Ventuii Meter 
(III) Pitot Tube 

(IVa) Flow of Gases through Conduits of Constant Cross- 
section (Turbulent Flow) 

(IV6) Flow of Gases through Conduits (Straight Line 
Flow) 


B. Water 

I. Standaid Orifice. 

11. Venturi Meter. 

III. Pitot Tube 

IV. Flow through Conduits of Constant Cross-section. 
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C Liquids other than Water 

I. Flow through Circular Pipes. 

D. Enlargement and Contraction Losses for all Fluids 

A. DERIVATION OF EQUATIONS FOR GASES AND VAPORS 

Isothermal vs Adiabatic Flow of Perfect Gas 

Neglecting differences in potential heads, Bernoulli's theorem 
for compressible fluids (2) becomes 

U2^/2g—up/2g = piVi—p2V2+W .... (3) 

Assuming the perfect gas law, 

pv=bTj ... . . (4) 

the work of expansion at constant temperature is 

T7= I pdv = piviln^(pi/p2)^ . . • (5) 

Jn 

and 

piVi = bT-p2V2 ... . . (6) 

Then for the isothermal flow of a perfect gas, (3) becomes 

U2^/2g-upl2g = piViln(pilp2)^bTln{pifp2) . (7) 

When a perfect gas expands under conditions wheie there is 
no heat interchange between the gas and its surroundings, the 
expansion is said to be adiabatic " and the pressure volume 
relations for an adiabatic change are 

PliVir = P2(V2)\ . . . . . . (8) 

where k is the ratio of the specific heat of the gas at constant- 
pressure to that at constant volume, employing (8), the integral 
of pdv for an adiabatic expansion becomes 

' ( 9 ) 

and 

PlVi-p2;V2=PlVi[l-(p2/piy^~’'^^''^] . (10) 

^In represents “natural logarithm, i e , the logarithm to the base e 
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Substituting (9) and (10) m (3), there lesults the integrated 
equation for the adtahahc how of a 'perfect gas 


_ui‘^ _{piVi) (A:). 

2g 2g k-1 




( 11 ) 


Since equations developed later are based on assumptions 
of isothermal or adiabatic flow, it is evident that equations (7) 
and (11) are fundamental The ratio of these two expressions is 

(k-1) In (P 1 /P 2 ) . .. 


Where there is no pressure drop, that is, where p 2 = Ph Ihe ratio 
(12) may be shown by the calculus to be umty. In other words, 
where the pressure drop is negligible, the velocity changes are 
practically identical for isothermal or adiabatic flow. So nearly 
coincident are the isotheimal and adiabatic curves that even 
though the pressure change be 20 per cent of the initial pressure 
the difference in the velocity changes for the two curves is only 
1 per cent; that is, isothermal expansion represents the results 
within the experimental error Wherever the pressure change is 
less than 20 per cent, the assumption of isothermal expansion is 
entirely justified and should be employed because the expressions 
and calculations involved are simphfied. 

la Standard Orifice^ Low Percentage Pressure Drop — With 
suitable orifice chambers, as described on p 55, the equation 
for isothermal flow (7) becomes 

a2^!2g = hTlne{pilp2) (13) 


If In (1+2/) be expanded by Maclaurm’s theorem, it gives 
2/— 2/V2+2/^/3~2/V4 j etc., and if y be small as compared with 
umty, this series is sensibly equal to y itself Since pi is very 
nearly equal to p 2 , the logarithm of pi/p 2 may be written as 


In 



. . ( 14 ) 


which, since the term ^—1 is small compared to unity, is nearly 

equal to — — 1 itself or to — — — . 

P2 P2 

1 This simplification leads to errors of +1 1 per cent where pi is 2 per cent 
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Substituting ^ ^ foi in {pi/ Pi) m (13), tlicie icsults 
P2 

U2^l2g = bT(j)i--p2)lp2 . ... ( 15 ) 

Since by the gas laws bTjp^-v^^ (15) becomes 

= 2 gv 2 (pi — P 2 ) = N^2g(Ah), ( 16 ) 

where Ah is the differential reading expressed m feet of fluid having 
the same density as the gas on the downstieam side of the orifice 
In practice this differential head is measured in feet of some liquid, 
and the leading is multiphed by the ratio of the density of the 
liquid to that of the gas at the downstream tempeiatuie and 
pressure 

The observed flow in cubic feet per second (Q 2 ) of the down- 
stream density is always less than is called for by Eq (16), since 
in practice there is a friction loss which reduces the calculated 
velocity, and the issuing stream does not have a cioss-section as 
large as the orifice. These facts necessitate the use of a coeffi- 
cient of discharge, c, 

Q 2 = cAV2g(Ah), (17) 

Calling the average velocity through the orifice U 2 , since 

Q2=AU2 

U2 = cV 2g(Ah)==c\^2gv2(pi-~P2)=^c^^^^ ^j ^ ^~—- ( 18 ) 

If the chamber diameter be small compared to that of the ori- 
fice, one obtains 

Vu2^—ui^ = c^/2g (Ah) . , . ( 19 ) 

Standard OnficCj High Percentage Pressure Drop — The! 
assumption of isothermal flow no longer holds when the per-j 
centage pressure drop across an orifice becomes high, and the; 
theoretically correct adiabatic equation (11) must be employed j 
As above, with a large orifice chamber the square of the vcloeity| 
in the chamber can be neglected when compared to the square^ 

>4 

greater than ^ 2 , +5 2 per cent where is 10 per cent greatei than nnd 
+9 8 per cent where is 20 per cent greater than pz Usually the drop is 
less than 1 per cent. 
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of the velocity in the orifice Introducing the coefficient of 
discharge as before, 

= . . • ( 20 ) 
= . ( 21 ) 
G = Q2/v2=cA \ /|z - i)| - ) KP2/Pi)^^^- (P2M)»+«/^1 (22) 


This equation applies to the flow of gases through orifices undei a 
drop in pressure large compared to the total pressure, but is 
seldom used for calculations in the form given above, since, under 
piopeily chosen conditions the flow can be calculated by a less 
complicated equation. It is self-evident that the transition from 
isothermal to adiabatic flow, produced as it is by increase in pies- 
sure drop through the orifice cannot be a shaip one, and it is 
therefore highly probable that intermediate values of the piessuie 
drop will not satisfactorily follow either equation. It has been 
proposed to take care of such by an intermediate constant, n, 
instead of the ratio of the specific heats of the gases, k, in the 
equation for adiabatic flow, as is done in the calculation of the 
work consumption of air compressors, but on the othei hand, the 
complications involved m such a correction are so great that 
engineers in general have never adopted the suggestion 

The expression (22) for adiabatic flow contains the function 


Where there is no flow through the orifice, p 2 /pi = l, and as the 
ratio of P 2 /P 1 decreases from unity, the quantity (23) and conse- 
quently the flow given by Eq (22), increases from zero, reaching 
a maximum when 


/ 2 \ ~ 
P2/Pi=(j:p^j 


(24) 


After P 2 /P 1 falls below the “ entical ” value given by (24) which 
calls for maximum flow, the flow should decrease according to 
Eq (22). Experiments have shown that the flow does correspond 
to Eq (22) above and at the cntical pressure ratio, but that 
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it remains constant for further decrease in the piessuic ratio. 
This apparent discrepancy is explained as follows Until the 
critical downstream piessuie is reached, the throat and downstream 
pressures are the same, but as the downstieam piessure (p 2 ) is 
further decreased the throat pressure (and velocity also)^ lemain 
constant, and since the throat pressure is the controlling factor, 
the rate of flow remains unchanged^ Theiefore, (23) has a 
constant value when the pressure ratio of ^ 2 / px is not greatei than 
the critical value given by Eq (24), and under such conditions 
the general equation for adiabatic flow (22), which assumed a laige 
orifice chamber, reduces to 

or 

_ . I oh r/m\ (1-^)1 

Since k for air is 1 405 (25a) becomes 

G=0 533cApi/VYl = lbs air per sec., (26) 

where the downstream pressure is not greater than 0 53 tunes the 
initial pressure above the oiifice, and, as befoie, where the area of 
the orifice chamber is at least 25 times that of the oiifice This 
special case is known as Fhegner’s Equation For steam, k in- 
creases with T in such a way that (approximately) they offset each 
other in Eq. (25a), which reduces (approximately) to the well- 
known Napier Equation for saturated steam, when the absolute 
back pressure is less than 55 per cent of the initial absolute pi essurc" 

(27) 

1 This argument assumes constancy of initial pressure 

2 A gas flowing from a high pressure through a small orifice to a low pres- 
sure can be conceived as passing through two stages In the first stage, the 
gas has its velocity increased to that in the throat of the orifice, this increase 
in velocity corresponding to a drop m pressure of the gas The second stage 
involves the passage of the gas from the throat of the orifice into the low- 
pressure (downstream) orifice chamber It the velocity in the thioat be not 
too great, the pressure drop in the second stage is negligible, but if the velocity 
m the throat be increased, a point is finally reached beyond which the gas 
cannot dissipate itself from the throat into the low-pressure chamber fast 
enough to lower the throat pressure further The throat pressure will then 
remain constant, independent of the pressure m the low-pressure chamber. 


(25a) 

(256) 
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Inasmuch as these simple equations (25a, 256, 26 and 27) hold 
whenever the piessuie latio is sufficiently low and the orifice 
chambei is sufficiently laige compared to the orifice, it is highly 
desiiable whenever possible to secure these conditions where the 
percentage diop in pressure is large, as above stated for air and 
other permanent diatomic gases, ^ this pressure ratio should be 
below 0 53, and for steam below 0 55 Values of the coefficient 
(c) for various types of orifices are given on p 93 For the most 
accurate work, the orifice m question must be standardized. 
Attention should be called to the fact that the coefficient, c, in the 
case of a rounded oiifice is occasionally greater than unity owing 
to the exchange of heat with the surroundings, this exchange 
voiding the adiabatic assumption 

When it IS not feasible to make P 2 /P 1 fall below the critical 
value, the more complicated Eq (22) must be used If in addi- 
tion, the area of the orifice chamber cannot be made 25 times 
that of the orifice, Eq (11) must be used 


II Venturi Meter 

Assuming isothermal flow, and the use of a differential gauge, 


uV BT, f , . ur 


( 7 ) 


For pressure drops small compared with the total (7) can be 
simplified by expanding^ the logarithmic term by Maclaurin^s 
theorem as on page 105, giving. 




^2gBT ('Pi—V2)_ 


(Mv2) 


= cJ2g (Ah). 


(28) 


The coefficient of discharge has been inseited for the same reasons 
as given on page 106 


Obviously, 

U2/ui=PiAi/P2A2, . . . 

• (29) 


1 2g Ah 

yipiAi/p2A2}^-l’ 

G = U2A2lV2, 

n=GIM, 

. . (30) 

. . (31) 
• (32) 


1 H 2 , O 2 , N 2 , CO and NO 

2 This simplification leads to the same errors as those shown m footnote on 
pages 105 to 106 



110 


PRINCIPLES OF CHEMICAL ENGINEERING 


Whete the pre^mre chopi, aie shghl, as in piactically all com- 
mercial Venturi meteis (30) becomes 


I 2g Ah 

“i"W(AiM2)2-r 

. (33) 

G — U2Ailv2, 

(34) 

n=GIM 

(34a) 


III Pitot Tube. 

If an open tube can be mseited into a gas stream with the open- 
ing opposite to the direction of flow, there is developed an impact 
pressure in the onfice greater than the static pressure under which 
the gas exists by an amount corresponding to the kinetic energy 
possessed by the gas in consequence of its actual velocity This 
velocity or dynamic pressure is given by the equation 

h-h,=Ah=^, . . . (35) 

where Ah is the height of a column of fluid of the same density as 
the gas which exerts this velocity piessure, and is the impact 
pressuie (hi) minus the static pressure (hs), Uact is the actual 
velocity approaching the impact opening, and should not be con- 
fused with the average velocity, u, of the stream. 

Ah=v{pi-p2)=^ipi-p2) = u^,^/2g, . (36) 

u^ = V2gBT (pi-p2)/Mp = . . (37) 

IVa, Flow of Gases through Conduits of Constant Cross-section 

It has been experimentally shown that the flow of gases at 
room temperatoe even under high pressure drops through pipes 
which are too long to be considered orifices, is practically iso- 
thermal, and the equations are therefore developed upon this 
assumption 

The equation of flow for turbulent motion m conduits is based 
upon the assumptions,^ that the force of friction is proportional 
to the surface of contact between fluid and pipe, and approxi- 

^Eq (38) has also been derived by physicists fiom dimensional consid- 
erations, and as a result it was shown that / should vary as the dimension- 
less ratio dup/fji 
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mately to the square of the velocity, and that friction increases 
in proportion to the fluid density (p) 

This force is countei balanced by the pressure drop which 
obtains over the entire cross-section of the conduit Equating 
these forces, (Ap) (A) =q:(p)(L) (per The constant of pio- 

portionahty, a, which may vary with the condition of the inner 
surface of the pipe, is called //2p, the term 2g being put in the 
denominator to convert the square of the velocity to velocity 
head, at the same time making the friction factor,/, a ratio 
The ratio of cross-sectional area to the perimeter is replaced by 
the single term hydraulic radius (m), so the equation is 

_^ (/) (p) (L) 

(2) (g) (m) ^ 

or expressing the pressure drop in feet, 



This latter form is usually called the Fanning Equation Data 
concermng the numerical values of the friction factor are given 
on page 87 

Bernoullfls theorem for turbulent flow through a pipe, therefore, 
becomes for 1 lb of gas 

, fpi\ fLv? , 

Assuming that the pipe is sufficiently nearly horizontal that the 
differences in level may be neglected, and remembering that for 
isothermal flow piVi = hT=p 2 V 2 , Eq. (39) becomes' 

m) 

This expression cannot be applied directly except for slight 
changes in pressure and correspondingly slight changes in velocity 
because the friction loss vanes with the velocity. 

Small Percentage Pressure Drop — In case the percentage 
pressure drop is slight and the difference in the squares of the 
velocity is therefore negligible, remembermg as above that the 
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Vl — P2 

natural logarithm of pi/p 2 for this case equals , 

Eq (40) 

becomes 


fLv?/2gm = = V2 (pi - P2) = ^h. 

. ■ (41) 

For circular pipes or square eonduits, m = d/4: 


AfLu^ 2fLv? 

2gd gd ’ ■ 

(42) 

<0 

11 

(42a) 

G=Q/v, 

(426) 

n=G/M, 

. . (42c) 

where Ah is the drop in static head caused by the friction loss m 
the pipe expressed in ft. of gas of the density corresponding to 
the lower of the two pressures These equations apply foi flow 
of gases only when the percentage drop in pressure is small, but 
this IS by far the more important case Values of the coefficient 
/ in/these equations are given on page 87 

^ Large Percentage Pressure Drop — If the percentage drop in 
pressure be large the velocity wiU nse as the pressure decreases 
and hence a differential length (dL) of pipe must be consideied, 
the differential increase in velocity over the differential length 
(dL) being (du) The equality of input and output of energy, 
corrected for friction loss and work of expansion, is 

u^/2g+pdv—fu^dL/2gm= (u+du)^l2g 

. (44) 

Neglecting the second order differentials, this becomes 


fu^dL/2gm— — udu/g'j-pdv, 

. (45) 

Since u = Gv/Aj du-GdvfA 


fGPv^dL/2gmA^ = — Ghdv/gA^-]rhTdv/v, 

. (46) 


■ • (47) 
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Integiatmg ^ (47) betweeu the hmits 0 and L, and vi and V 2 , 

■ (48) 


]G‘^LI2gmA^=^, In -+^f A - 


V2- 


Since piVi = p 2 V 2 = bT for isothermal flow (48) may be written 


fG^L/2gmA^=^^ In 


+ ipi^-p2^)/2bT 


Multiplying (49) by {hT/piY gives 




2gmA^ 


gA^pr 


Pi/ 


2p{^ 


or 


Q = GhT/p^=Am = A 


\ i2m p2 


(49) 

(50) 

(51) 


For pipes at least 1200 diameters m length, the ln{pi/p 2 ) may 
be neglected in comparison with /L/2m, and for pipes of any 
cross-section 

ui = VgmBT(pi^—p 2 ^)/Mpi^fL, . (52a) 

Q^uA, . . . . (52b) 

G^Q/v, (52c) 

n = G/M ... . . . (52d) 


For pipes at least 1200 diameters in length, whose cross-section 
IS circular or square, m = c^/4, so (52a) becomes 

ui = VgdBT(pi^ — p 2 ^) / MpiHfL (53) 

Or, since n^uiA/Mvi, 

n^AVgd(pi^—p2^)/MBT4fL .... (54) 


Now pi^~-p2^= (P1+P2) (P1 — P2), and if pi be nearly equal to 
P 2 , pi+P 2 = 2pi Under such conditions (53) becomes 

Ui=Vgd£T (p,-pz)/Mpt2fL = ^^~, . (55) 


I As shown on p 87, the friction factor for a given gas of constant vis- 
cosity m a pipe of constant cross-section varies with the product (up) For- 
tunately this product is constant for gases In the case of liquids, both u 
and p are constant because liquids are incompressible 
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which IS identical with (42) douvcd foi those same conditions of 
low percentage piessurc diop in pipes of circular orsquaie cioss- 
section. 

It should be noted that equation (42) is based on the assumption 
that the percentage pressuie drop is so small that the difference 
in the squares of the velocities at the two sections in question aie 
negligible. Eq (42) gives plus deviations from the con ect equation 
for long pipes (53) as follows: 4 per cent error for 5 per cent pres- 
sure drop and 8 per cent for 10 per cent Since fnctional coeffi- 
cients/ are not as accurate as this unless determined on the specific 
pipe and conditions considered, pressure drops of 10 per cent may 
be estimated by this simple equation For larger percentage 
drops or for pipes shorter than 1200 diameters, the more compli- 
cated equation (51) should be employed Eq (51), while theo- 
retically apphcable to all cases of isotheimal pressuie drop, cer- 
tainly fails to apply for very short pipes and veiy high velocity, 
xe, when the conditions become comparable to those in oiifices, 
and it must not be used in such cases This is because the con- 
traction loss at entrance and the enlargement loss at exit were 
ignored in the derivation 

Eq (51) IS designed for the flow of gases through pipe lines with 
reasonable piessure gradients, although the drops in pressure m 
some cases, as foi example in the transportation of natural gas 

or similar products for long distances, may be seveial times the final 
pressure. Eq (51) snnphfies to (52) when fL/2m is large com- 

nared to in — : little error is made if (52) be used where the length 
P2 

of the pipe is at least 1200 diameters Some writers neglect the 
logarithmic term for all lengths of pipe, but this is incorrect 
Values of the friction factor are given on page 87 

lYb. Flow through Condwis of Constant Cross -section 
{Viscous Motion) — The equations of flow for straight line motion 
of gases and vapors in various shaped conduits given in the 
Summary of Equations (equations 56, 57 and 58) were derived ^ 
from the definition of absolute viscosity, assuming no motion 
along the wall 

IV Critical Velocity — This is denved by equating Ap for 
turbulent motion and Ap for straight hne flow at the critical velocity 

1 See Lamb, “Hydrodynamics,” Camb Univ Press, 4th Ed (1916). 
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Foi circular pipes, Eq (38) = Eq (56), namely 


whence 


(A-n \ _ 32aiLmo 

^ 9{<r) ~^W‘ 

V - (16) (ju) 

“ Uc){f>){d) ■ • 


. (59) 


For annular spaces, Eq (38) = Eq (57), namely, 
fcpLu, S/xLuc 


Ap,= 


?(^2-ii) 


whence 




(r2^ — ri^) 

Ine- 

rt 


Uc==- 


8ju(r2— n) 


M 


rs^+ri* — 


7 r2 


(60) 


For space between diier shelves, Eq (38) = Eq (58), namely 


whence 


/A„ _ (/<•) ip) (L) iu?) _ 12ixLuc 
^ ga ~ gia^)’ 

12fi 


fcpa 


( 61 ) 


B DERIVATION OF EQUATIONS FOR WATER 

I Standard Orifice 
For isothermal flow 

1^ j_V2jU2^ 

I eT =a:2+— H-iy- 
p 2g p 2g 


,,+n+«*.„,+a+.«^ (2j) 


Inserting the coefficient of discharge, for the same reasons given 
on p 106, one obtains for horizontal pipes, or with differential 
gauge, the same equation as for gases 

Vu2^-ui^= ■ ' ^p, — - = cV^h. . . . (19) 

With large orifice chambers, wi^ is negligible compared to U 2 ^, 
so U 2 =cV^Th Both these equations are valid for any percent- 
age pressure drop 
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II Venturi Meter 

The denvation is the same as for standaicl orifice, but the 
velocity of appioach (mi) is not eliminated fiom the foimula, 
because it is not customary to attach a large chamber on the 
upstream side 

HI. Pitot Tube 

No denvation of equation is necessary. The impact opening 
measures the static and velocity heads, and by simultaneously 
determimng the static head, the velocity head is obtained by 
difference which by defimtion is 

IV Flow throuqh Conduits of Constant Cross-section 
Turbulent Flaw —For isothermal flow 

For constant cross-section, Ui = U 2 , as developed on pp 110-111, 
the fiiction loss, F, equals /LMV2pm, for horizontal pipes, xi=X 2 
Under such conditions, Eq (26) becomes the same as that already 
given for gases 

BlFB = I^=Ah, . . . (38) 

p 2gm 

which IS valid for all percentage pressuie drops 

Straight Line Flow —The equations for the straight line flow 
of water were derived ^ from the definition of absolute viscosity, 
assuming no motion along the wall 

USE OF MODELS IN STUDYING FLOW OF FLUIDS 

It was shown on pages 110 and 111 that the pressure drop 
through a conduit is of the form, Ap=fpLu^J2gm That dis- 
cussion involves no assumptions as to the shape or form of the 
conduit However, the values off plotted on page 87 are limited 
to straight circular pipes, though probably applicable to straight 
conduits of regular cross section and equivalent hydraulic radius 
Where the shape of the conduit is irregular relationships become 
extremely complicated and not subject to the methods of com- 
putation hitherto shown except m an approximate way How- 
ever, the principles underlying Fig 28, as discussed on pages 86 
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and 86, may be made the basis of a solution of the problem ^ 

The preceding equation may be written, Ap = cj)pu^{L/m,) 
where, as brought out on pages 85 and 86, 0 is a function of 
various dimensionless ratios of the variables affecting the case 
in question, of which Dus/z is usually the most impoitant, where, 
however, D is, not diameter, but the linear dimension or scale of 
the equipment If one wishes to determine the pressure drop 
which will be encountered in a complicated apparatus, one can 
make a small model of that apparatus and test the model If 
the model is a reproduction to scale of the apparatus, the quan- 
tity L/m in the preceding equation is the same for both If one 
can determine b? one is immediately in a position to compute the 
pressure drop through the apparatus If one will test the model 
under conditions such that the quantity Dus/z is numerically 
the same for both the model and the full scale apparatus, <!> will 
have the same value in both cases and this value can therefore 
be determined from the model test Thus, if one will test the 
model with the same fluid under the same conditions of tem- 
perature and pressure as will be employed in the full scale equip- 
ment, the value of s/z is the same in both cases. Hence, it is 
only necessary to keep the value of Du constant In other words, 
if one build a model one tenth full scale, it should be tested with 
a fluid velocity ten times as great as will be used in the mam 
apparatus If this requires excessive test velocities, the diffi- 
culty may be overcome by using for test denser or less viscous 
fluids 

The question of the distribution of a fluid flowing through an 
apparatus is often of vital importance. Distribution may be 
tested by watching the motion as indicated by threads of smoke 
introduced into flowing gases or colored solutes into liquids 

This method of testing is of special value in developing drying 
apparatus (pages 491 to 557), packed towers (pages 576 and 665), 
sedimentation equipment, furnaces and the hke. For purposes 
of design it is important so to construct the model that the 
relative shapes and positions of deflecting surfaces can readily 
be adjusted experimentally to secure the best possible results 

^An excellent discussion by A H Gibson is found in Engineering, 
London, Vol 117, 1924, pp 325, et seq The method demands care in 
analysis of all controlling factors and thorough familiarity with the tech- 
nique of allowing for their variations 
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FLOW OF HEAT 

Introduction. — All chemical reactions are accompanied by 
characteristic and unavoidable heat effects, hence in every piob- 
lem m chemical engineering design, provision must be made for 
the satisfactory tiansference of the heat quantities Fiuthei- 
more, even in processes which involve piactically no chemical 
changes, one or more problems of heat transfer usually anse 
The laws governing the flow of heat thiough bodies and fiom 
one body to another are therefore of the most fai -reaching 
importance 

The following discussion is lestiicted to static, umfoim con- 
ditions of heat flow, ^ e , to conditions under which a constant 
quantity of heat passes each section of path pci unit of time,^and 
consequently the temperatures at all points in the system remain 
unchanged For a discussion of other cases, see page 187 

For example, in a counter flow air coolei where the air and 
water flow in opposite directions, the tempera tuie difference 
between the air and water may be very gieat at the hot end and 
veiy small at the cold end, yet the temperatuie, and consequently 
the temperature difference, at any definite point m the apparatus 
has the same definite value at all times The above statement 
not only holds for a counter flow air cooler but also applies to any 
continuous process after the apparatus has been tuned up 
Even during the tumng-up period temperatures vary so gradually 
that they may be considered constant over a relatively short 
period of time. On the other hand, if the temperature of the hot 
air entering an air cooler vary widely with the time, it is obvious 
that the temperature at all points in the apparatus would vaiy 
with the temperature of the entering air and thus the equations 
to be discussed below would not be applicable over the entire 
period of time Bu^if this period be divided into intervals over 
which the entering temperature remains practically constant, 

118 
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the following equations aic valid In most cases of commer- 
cial importance, as soon as^ the apparatus is tuned up the tempera- 
tures at all points in the apparatus do lemain essentially constant, 

MECHANISM OF HEAT TRANSMISSION 

It IS well understood that heat may flow by three mechanisms, 
which may be defined as follows 

1. Conduction — ^Heat passing from one part of a body to 
another part of the same body, or from one body to another in 
physical contact with it, without appreciable displacement of the 
particles of the body, is said to flow by conduction 

2 Convection — Convection is the transfer of heat from one 
place to another within a fluid (gas or hquid) by the mixing of one 
portion of the fluid with another 

3 Radiation — A hot body gives off heat m the form of 
radiant energy When this energy strikes another body, pait 
IS reflected If this second body is transparent or translucent, 
another part is transmitted The remainder is absorbed, and 
quantitatively transformed into heat^ 

I 

PART I CONDUCTION 

Rarely, if ever, does the question of flow of heat through a 
si ngle h omogeneous body arise m engineering practice In the 
great majority of cases, heat flows from some medium into and 
through some solid retaining waU and out into some other medium 
The flow through each medium is, therefore, but one step in a more 
complicated process, and the resistance offered by the retaining 
wall IS only one of a senes of resistances The necessity for a 
clear insight into the mechanism of this step is obvious, but the 
ability to apply a knowledge of it to actual problems cannot be 
attained until the character and significance of each of the other 
steps involved is studied and appreciated, 

(A) FLOW THROUGH HOMOGENEOUS SOLIDS 

Newton’s Law. — The phenomena of the flow of heat through 
solid bodies are well understood, and are quantitatively expressed 
m the form of Newton^s law, which states that the quantity of 

^ Except in those relatively rare cases where photo-chemical reactions are 
mduced, or energy is consumed m other special ways 
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heat, dQj passing a given section at light angles to the diicction 
of heat flow is directly proportional to the area of this section, A, 
to the difference in tempeiatuie, dt, between the two faces of the 
section, to the time dd, and inversely proportional to the thick- 
ness, dL The proportionality constant, k, is known as the 
coefficient of heat conductivity Algebraically these relation- 
ships are given in the equation, 

dQlde^-kAdt/dL . , . (1) 


As stated above, this discussion deals only with cases ^ wheie a 
consent quantity of heat passes each section of the path pei unit 
of time, so that 

dQ!dd = Q/e, . (2) 

which IS a constant, and, when given in English units, is expressed as 
B t u per hr Thus Eq (1) becomes for all cases here considered, 
Qjg——kAdtjdL (3) 


In the English system, k is expiessed as B t u per hr. per sq ft.^ 
of cross-sectional area of path per °F temperature difference per 
foot of length of path This is usually abbreviated to BA u per 
hr per sq ft per °F per ft All data used in the solution of illus- 
trative numerical problems are converted into English units 

This coefficient of heat conductivity vanes gieatly foi different 
substances, as shown on pp 181 to 183 For a given substance, 
the value of k is apparently a function of the tempera tui e alone 
For most cases hitherto investigated this tempera tuie relationship 
IS nearly hnear over a considerable range in tempeiatuie, that is, 
kt = ko{l+at), kt being the value at T F, h at 0° F , and a the 
temperature coefficient 

For example, Nusselt ^ found for burnt infusorial earth (den- 
sity of 12 5 lbs per cu. ft), fc=(0 04) (l+0 0014i) Hence at 
1000*^ F , A: for this material equals 0 04 (1+0 0014 X 1000) = 0 096. 
It IS to be noted that the temperature coefficient for this insulating 
material has a positive sign, tha^t is, k increases with the tempeia- 
tqre. This holds for the entire class qf insulating materials with 
few exceptions Figure 45a (p 183), shows the increase in k for 
insulating bricks with temperature 


1 However, see p 187 

2 In this expression the word per is not intended to mean divided by^ but 
only to indicate the units involved The units of k are B t u /(ft )(hrs ) 
(deg Fahr ) 

® Z&it V&r Deut Ing , 62, 1008 (1908) 
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On the other hand, the conductivity of good conductors, such 
as metals, generally decreases with the temperature. Lorenz^ 
for lead found k = 20 5 (1 — 0 000471^) The notable exceptions 
to this rule are copper and aluminum. 

The variation of k for both insulators and good conductors 
with the tempera tuie is m most cases so slight that one is justified 
in using an average value of the heat conductivity as a constant 
in the integration of the differential Eq (3) embodying Newton^s 
law 

When the tempeiature hmits are too great to warrant this 
approximation, the introduction of A; as a function of t gives for 
integration the exact expression for the heat transferred Avail- 
able “data on conductivities are, however, so approximate that the 
introduction of a temperature coefficient is in ordinary work a 
useless refinement unless the particular sample under discussion 
has been investigated. 

The expenditure of time necessary for the integration of 
Newton’s law for many cases frequently met in practice may be 
avoided by determining its integrated form for certain general 
conditions Four such cases will now be discussed, most prob- 
lems arising m engineering practice falling under the first two 
cases 

The only variable in these four cases is the area, which will be 
shown to have certain average values for the several cases. 

Case I — Cross-section of Path Constant. (For Example, 
Flat Walls and Well-insulated Furnace Electrodes ) 

For the flow of heat along any path of constant cross-section, 
with maintenance of constant temperature at the ends of the path, 

Q/d= - kAdt/dL ... . (3) 

Integrating (3) between the limits, Li, L 2 , h and fe gives. 

Q _ M {h — fe) _ kA {M) . . 

e L2 ~Li l 

In (4), for convenience, the temperature difference, has 

been replaced by A^, and the thickness L 2 —L 1 by L Eq (4) 

1 Wied Ann , 13 , 422 , 582 , 1881 
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states that the rate of flow of heat m B t u. per hr ^ is directly 
proportional to the coefflcient of heat conductivity, k, foi the sub- 
stance in question, to the cross-sectional aiea of path in squaie 
feet, and to the temperature difference in ‘"F between the points 
fiom and to which heat is flowing, and is mveisely propoitional to 
the length of the path in feet 


niustration 1 — Calculate the heat loss through a 9-mch brick and 
mortar wall, 10 ft high and 6 ft wide (fc=0 4) when the inner and outei 
temperatures are 330° and 130° F , respectively 
Solution. — By Eq (4), 


Q Jh) (A) (aQ 
6 L 


=6400 B t u per hr. 


In estimating the heat loss in a pioposed installation, the surface tempeia- 
tuies depend on mechanisms other than conduction alone (See pp 160 to 
170) 

Illustration 2 — Calculate the power loss in kw due to heat flow along 
a well-insulated graphite electrode (average A: = 60), 6 in m diameter, the temp- 
erature outside the furnace at points 2 ft apart being 1100 and 250° C 
Solution. — By Eq 

Q ^(k) (A) (AO (60) (tt/IO) [(85 0) (1 8)] ^ B t u pei hr 
6 (L) (2) 


This may be converted to kilowatts by the following method, using familiar 
conversion factors 



Equation (4) is the simplest integrated form of Newton’s law, 
and IS frequently given as the formal expression of the law itself, 
rather than the differential Eq. (3), from which it is derived for 

1 Assume for the sake of definiteness, the use of English units Obviously 
many systems of units may be and are used For summary of nomenclature, 
see pp 178 to 179 

2 To convert temperature difference from Centigrade to Fahrenheit, 
multiply by 1 8 
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this special case. On account of its simplicity Eq (4) Is usually 
employed even when the cross-section of path is a variable quan- 
tity, average values, Aav, for the aiea A being then employed 
The next three cases resolve themselves into the problem 
of deriving rules for obtaimng correct average values for this 
area 


Case IL — Ckoss-section of Path Proportional to Linear 
Dimensions (Lagged Pipes ) 

Where heat is flowing through the sides of a closed cylindrical 
body of circular section, the direction of flow is at all points 
radial and perpendicular to the axis, and the cross-section of the 
path is proportional to the distance from the center of the cylinder 
It will now be shown that in such cases the logarithmic mean area 
should be used. 


Consider the flow through a section of thickness dL, see Fig 33, at a dis- 
tance L from the center 



Fig 33 — Diagram for Case II . Logarithmic Mean Area 


By Eq (3), Ql6= —hA dtfdL The cross-section of path is, however, 
A=bLN, where N is the length of the cylinder and b a constant, the value of 
which depends on its cross-section (6=27r if the section be circular ) This 
gives 

dL kbNBdt 

— .... (5X 

L Q 


On integration and substitution of limits, this becomes, 
, /L2\ kbNe(ti~U) 


( 6 ) 


Q kbmi-k) 



or, rearranging, 


. . ( 7 ) 
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As stated above, it is desired to use the simple form of Newton’s law, Eq (4), 
for constant area of path, using, however, an average value of thataica Aav> 
which will give the correct heat flow Equating (7) and (4), one obtains 


Whence, 


InM ^ 


hN{L2-L{) 



hNL,-hNLi 



(8) 


(9) 



Eq (10) requires that the average area of cioss-section through 
which the heat is flowing m such a case be computed by dividing 
the diffeience of the external and internal areas by the natural 
logarithm of their ratio The average of two quantities obtained 
in this way is called their logarithmic mean, and is, as will latei 
appear, a value frequently used m problems on the flow of heat 
Eq (9) indicates that Aav may also be computed by multiplying 
the log mean radius by 27r times the length of pipe in feet instead 
of figuiing A 2 and Ai separately In the derivation of this rule 
the assumption has been made that the heat flows radially at eveiy 
point As a matter of fact such radial flow will be found only in 
cylinders of circular cross-section, and for such bodies the rule 
above given is exa'Ct "““For 'sections 'bounded by smooth curves; 
the equation is a good approximation — but for rectangular forms 
other more exact expressions have been determined, which will 
be given under Case IV It should be noted that the arithmetical 
mean of the areas. 


Aa,y 


2 ’ 


( 11 ) 


gives a value for the average area checking that of the logarithmic 
mean within 4 per cent when the value of the expressioiyjlJ^Ai 
IS 2 or less This accuracy is considered sufficient for all problems 
in heat flow 

This log rnean axera^e^are^a is used chiefly in computations 
involving heat flow from lagged pipes and insulated wires, when theL 



FLOW OF HEAT 


125 


outside diameter of the lagging is at least twice that of the 
pipe 

For the important case of steam pipes lagged with standard mag- 
nesia pipe covering, the thickness of coveiing foi high-pressuie lines 
as used in good practice ^ is 2 in for pipe size up to and including 
2-in nominal diameter iron or steel pipe, 2| in of covering for 
pipe sizes between 2 and 8 in., and 3 in for sizes above 8-in. pipe. 
By comparing Eqs. (10) and (11), it is found that the error in using 
the anthmetic mean instead of the logarithmic mean (10) is 
greater than 4 per cent only for pipe sizes up to and including 4-in , 
when covered as above For sizes above 4-in , therefore, -Aav = 
(Ai-j-A 2 )/ 2 , with less than 4 per cent error The ophmum thick- 
ness of covering is that thickness which gives the maximum net 
saving, i e , the difference between the value of the heat saved 
and the total charges against the covering. The liteiature con- 
tains numerous examples of such calculations. See Fig 34^ 
Obviously the optimum thickness for a given pipe size varies 
with the value of heat and the cost of lagging the pipe. 


Illustration 3. — Calculate the heat loss per 24 hours from 100 Imeal feet 
of standard 1-in steel pipe carrying steam at 150 lbs gauge pressure, if the 
pipe be lagged with 2 in of a magnesia pipe covering (A; = 0 04 m English 
units) The temperature just imder the canvas is 90° F 

Solution. — A standard pipe of nommal 1 m diameter has an outside 
diameter of 1 315 in ^ As will be shown on p 170, the temperature of the outer 
surface of the steel pipe may be taken without appreciable error as that of 
the steam, or 366° F , which corresponds to steam at 165 lbs absolute pres- 
sure per square inch The outer diameter of the magnesia is 5 315 in , so the 
logarithmic mean area per 100 lineal feet is, by Eq (9), 

(100) (5 315-1 315) 

' =75 sq ft 

2 3 logiQ (5 315/1 315) ^ 


Note — The log mean area is used instead of the arithmetic because the 
ratio of diameters is more than 2 to 1 
ByEq (4), , 1 -’' 1 ' 


Q = 


(g) (k) (A) (At) 
(L) :s 


= 119,000 B t u 


1 Masks, Mech Eng Handbook 
» McMillan, Tram A S M E, 2.7, 961 (1915) 

^ For table of diameters of standard steel pipe, see p 101 
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Since the latent heat of condensation of steam at this pressure is 857 B t u /lb , 
the calculated heat loss is eqiuvalent to 119,000/857 = 139 lbs steam per 
24 hours, or 

119,000 

=0 148 B Hp (Boder Horsepower) 

33,500X24 



THICKNESS OF LAGGING IN INCHES 


Fig 34 — Determmation of Optimum Thickness of Pipe Covering 


It is possible to have the heat loss fiom a pipe increased rather 
than decreased by putting a layer of lagging around it How- 
ever, this can occur only under exceptional conditions involving 
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a combination of pooi lagging material with small size of pipe. 
The maximum loss occurs when the actual outside diameter 
{dj mit ) of the insulation is equal to two times the conductivity 
coefficient of the lagging divided by the total surface coefficient^ 
of the lagged pipe, that is, 


^ (K+hrY 


( 12 )" 


For example, Fig. 35 shows as ordinates, the calculated heat 
loss in B t.u./hr /hnear ft. of pipe,^ having an actual outside 



Fig 35 — ^Plot Showing Increase m Heat Loss Caused by Lagging a Small 
Pipe with a Poor Insulator 


diameter of | in against the outside diameter of the lagged pipe 
m inches as abscissas. This plot shows that the heat loss for such 

1 Values of this coefl&cient, hc+hf, are given on p 169 

2 This may be shown as follows In order that the heat loss from the 
outside area, A 2 , of the lagged pipe of radius r feet be a maximum, the total 
resistance R for the lagged pipe must be a mmimum N ow 

L 1 

~KA^A{K+hr) (A,y 

r.s 2^N(r-ri) 

A2=2TrNr, L^r-n, and J.av = (Eq 9) . 

In— 

n 

Making these substitutions and placmg dR/dr — 0, Eq (12) is obtained 

3 The pipe temperature is taken as 180° F above the room 
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a pipe lagged with a coveiing whose conductivity coefficient is 
0.15, such as a dense asbestos, actually rises above that of the baie 
pipe and does not fall to that of the bare pipe until the outside 
diameter is 6 1 in , which calls for a 2 8 in thickness of covering 
The maximum loss (27 per cent increase ovei the bare pipe loss) 
occurs when = 1 6 in 

This fact is made use of by the electiical engineer in the insu- 
lating of wires to secure a combination of electiical insulation 
withlncreased cooling effect on an overloaded wiie. 


Case III — Ckoss-section of Path Proportional to Square 
OF Linear Dimension 


Note — This case is discussed only for the sake of completeness 
of presentation, as will appear, the use of the equation derived for 
this case is unnecessary in any commercial practice hitherto 
developed. 

Consider the case of any closed solid, through which heat is passing fiom 
the interior to the exterior, or the reverse, radially in all directions Such 
flow IS realized only in concentric spheres If the solid be bounded by con- 
centric spheres of radius L feet,^ the area through which heat flows is that of a 
sphere namely, 

A^hL\ (13) 

h being iir for a sphere Inserting this value in the general differential equation, 
Eq (3), 

Q hhLHt 


Integrating between the limits, Li, ii, L 2 and 4, and rearranging. 



jti-h) 
L2 ~Li 


(15) 


If now as before, it is desired to calculate the flow of heat on the assumption of 
an average area, -day? one may equate (15) and (4) 


Therefore, 


-=MiLiL2 

e 


(L 2 -L,) 


^av = = V = V (6Li“) {bLi^) 

•A.a,y =”\/' , 


. (16) 

. (17) 
(18) 


Assuming, as before for sake of defimteness, English units 
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In case, therefore, the cross-sectional area be proportional 1 o the square of the 
linear dimension, the average area to be employed in calculating the heat 
flow IS the geometric mean of the internal and external surfaces, as indicated 
by Eq (18) While strictly this applies only to spheres, the equation is an 
approximation for any closed body whose three dimensions are not widely 
different 

In the -flow- offbeat through the walls of hollow cubes, such as cubical 
furnaces, the area of cross-section is pioportional to the square of the linear 
dimension, but all of this area does not receive heat flow at light angles 
Hence the flow figured on the geometiic mean area, \/ A 1 A 2 , for a cube would 
be too high The flow of heat through cubes and the more general case of 
flow through rectangular bodies having walls relatively thick compared to the 
inside dimensions, are treated in the next special case 

In the case of beehive coke ovens of commercial size, the geometric mean 
theoretically applies, but the arithmetic mean is within less than 1 per cent 
of the geometric Were the outside diameter twice the inside, the arithmetic 
mean of the inside and outside areas would be 25 per cent too high, but such 
cases do not occur in industrial practice It is to be noted that both the 
logarithmic and geometric mean values are always lower than the arithmetic 

Case IV Rectangular Bodies, Having Walls at Least 
One-half as Thick as the Shortest Inside Dimension 

This special case is very important as applied to the loss of 
heat from electric furnaces, which often have very thick walls 
However, unless the reader is interested in electric furnace design, 
it should be omitted 
If the area m Eq (4), 

^=|^av (A«), 

be taken as the inside area, the heat loss so figured will be a great deal too low. 
On the other hand, if the outer area, or even the sum of the inner and outer 
areas divided by two (arithmetic mean) be used, the heat loss calculated wull 
be too high Heat not only flows at right angles to the entire inside area, but 
it also flows at various angles through the edges and corners of the outside 
walls For such cases, the integration of the basic differential Eq (3), 
Ql6=kAdtldL, becomes difficult, if not impossible Langmuir^ has empiri- 
1 Langmuir, Adams and Meikle, Trans Amer Electrochem Soc , 24, 53 
(1913) The form of the equations in this article was determined by a careful 
analysis of the factors involved, and the coefficients by the device of con- 
structing models of the bodies to be studied or of any symmetrical fractions 
of those bodies, the interior and exterior surfaces of these models being copper 
plates, serving as electrodes for a solution of copper sulphate of known con- 
centration and conductivity The other retaining walls were of glass The 
comparison of the conductivity of this cell with one of constant cross-section 
containing the same solution gave directly the shape factor required. 
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cally derived ^ the equations given below for an approximate determination 
of the average area, Aav, to be used m the integrated form of Newton’s law 
just given Consider only bodies bounded by rectangular parallelepipeds, 
corresponding inner and outer surfaces being parallel, and m all cases the 
same distance, L, apart All faces intersect at right angles There aie five 
special cases given, and it is believed that an understanding of these cases will 
enable the reader to handle any set of conditions of this type met with m 
practice 


Case IVa — The Lengths, e, of all Inside Edges are between One-fifth 
AND Twice the Thickness, L, of the Walls 

The sum total of the lengths of all the inside edges is Se To the actual 
inside area must be added 0 54LSe to correct for the edges, and 0 15L- for 
each of the eight corners, this sum being called the average area, Aav 

Aav“-4i-{-0 54LS6-|-1 2L^ . (19) 

Case IV& Length, c, of One Inside Edge is Less than One-fifth the 
Thickness, L, of Walls 

In this case, the lengths of the four inside edges less than L/5 are neglected 
in determining Tl^en, 

Aav=Ai-hO 465L26-hO 35L2, (20) 

where Se is the sum total of all the remaining eight inside edges each of which 
is greater than L/5 


Case IVc Lengths of Two Inside Edges are Each Less than 
One-fifth the Thickness of the Walls 


The two short edges are now negligible and the body may be considered 
as equivalent to a hne, of length L, E being the longest dimension ol the 
interior. 


A 


av — 


2 78EL 

log, (f ) 


( 21 ) 


Case INd All Three Interior Dimensions are Less than 
One-fifth the Thickness of the Walls 

Usmg the same nomenclature, 

Aav=0 7WAiAi (22)2 

^ The empirical factors given below closely check those obtained by 
Langmuir by careful theoretical analyses 

^ This formula is obviously 21 per cent lower than the ordinary geometric 
mean area, Eq (18) 
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Case IVe When the Walls are Not of Uniform Thickness 

Should one encounter a furnace, the various walls of which are not of uni- 
form thickness, the total heat loss should be obtained by adding together the 
heat loss for each individual wall That IS, -d-av should be figured for each wall, 
and then substituted separately in Eq (4) The edge corrections will thus 
be figured twice, and the corner corrections three times Hence for this 
case, Eq (19) should read Aav=Ai+0 27Z/Se-(-0 4L2, and Eq (20) should 
read Aq,v — -4i- 1-0 233T2e-f“0 12Z/^ 

The total heat loss for the furnace is, therefore, %e , the sum of the 

heat losses from the individual walls 

(B) FLUIDS— HEAT FLOW BY COITOUCTION 

All conductors of heat, both hquids and gases, foUow the same 
laws as sphds,jyb.e- values ojLfcUeing, however, very small ^ At 
room temperatures, for example, k (B t u /hr./sq ft /°F /ft. 
thickness) for stationary water is 0 35 and for stationary air is 
0 014, while steel and firebrick in the same units are 25 0 and 0 7, 
respectively In both hquids and gases, it is difficult, and under 
engineering conditions impossible, to eliminate the effect of 
convection, ^ c., the transfer of heat by the movement of the fluid 
itself, and hence heat transfer in liquids and gases by conduction 
through the stationary part goes hand in hand with that by con- 
vection in the moving paits. This joint effect will be discussed 
under “ surface films below. 


(C) POTENTIAL CONCEPT— CONDUCTION THROUGH SEVERAL 
SOLIDS IN SERIES 

The great majority of transformations of both matter and 
energy can be conceived as controlled by two factors: ona.a^poten- 
tial and the other a resis tance factor The total effect produced 
IS in general proportional to the quotient of these two factors It 
is obvious that inasmuch as the direction of transforniation is 
controlled by the potential, j^uihbrium is conditioned upon the 
potential difference being zero. Since, furthermore, the rate 
oFtEeTransformation is of paramount importance to the engineer, 
determining as it does the productive capacity of any specific 
apparatus, i e , the quantity of production which it is possible 
to realize in unit time, the fact that the rate is controlled by the 
potential gives still further importance to this factor. 

A familiar application of the potential concept is in the field 
1 For values of see pp 181-183 
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of electricity Electiicity does not flow except in the case of a 
potential difference, the direction of flow is detoi mined by the 
potential difference, and the rate of flow, i e , the current is pio- 
portional to the potential diffeience 

Another illustration of a potential is tempeiatuie Heat will 
not pass from one body to another, oi from one point to another, 
except under the influence of a temperature difference The 
direction of flow of heat is deteimined by the sign of the tcmpeia- 
ture difference and the rate of flow of heat is proportional to the 
magnitude of the temperature difference. 


Case I Series Flow 


When heat is flowing through each of several bodies m turn, 
that IS, in series flow, it is most convenient to employ the ‘‘ poten- 
tial concept ” If electrical resistances are m series the rate of flow 
is expressed as amperes (I) or coulombs per second, and this late 
IS determined by the driving force or voltage diffeicnce (A?;), 
divided by the total series resistance {R) in ohms i 2 = u+^i2-f- 
. +rra, the sum of the individual senes resistances. Further, 
r is proportional to the length of the path (L) and inversely pro- 
portional to the cioss-sectional area {A) of the path and inversely 
to the specific conductivity (A;), that is, r = L/kA Thus the 
familiar electrical equation (Ohm’s Law) is 


R n+r2+ A-Tn 

Ai^ 

Ll L 2 , I _ Ln 

klAlk2A2^ ' * ' '^knAn 


coulombs 

seconds 


By analogy in heat flow 

Q _Ati-\~At2-\~ A~Atn 
e R T1+T2+ * . 

At B t u. 

Li ^ L2 . ■ Ln hr 

kiAi k2A2 * knAn 


o . (23) 


. . . (24) 


Thus temperature difference has replaced voltage difference, and 
B t u. per hr has replaced coulombs per second, but the resistance 
expression is the same in both cases. 
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Illustraticn 4 — A plane section of a furnace wall is made up of 4 J in ot 
caiborundum buck inside (/r = 5 6), followed by 9 m of firebrick (/c = l 0), 
and finally 2 in of mineral wool outside (/c = 0 035) All values of k arc in 
B t u /hr /sq ft /°F /ft of thickness The temperature of the inner sui- 
face is 1,100° C , and the outei surface is 200° F 

(а) What is the heat loss per hr per sq ft of wall surface? 

(б) What are the °F temperatures at each of the double boundaries ? 

Solution. — Part (a) 

Basts — 1 sq ft of wall 

1100° C =(1100) (18) +32 = 2012° F 


Substituting the data in Eq (24), one obtains 


Q 2012-200 

9 4 5/12 9/12 2/12 

(5 6) (1)"^(1 0) (l) + (0 035) (1) 


= 325 B t u per hour. 


Solution — Part (6) 


Since the heat flows through each of these materials in succession 


Q/d = At/ri-/\t/R==325'Btu per hour, 


whence A^i = (325) (ri) =22° F 

The actual temperature at the boundary between the carborundum and 
fiiebnck is then 2012—22 = 1990° F Likewise the temperature at the point 
of contact of the firebrick and mineral wool is 1746° F 

Illustration 4a. — What would be the heat loss m the preceding problem if 
all walls were circular, the inner wall diameter being three feet? 

Solution — Here the areas of the various materials are unequal The 
inside diameter of the carborundum wall is 36 in , and the outside diameter is 
45 in Since the ratio of diameters is less than 2 to 1 the error in using the 
arithmetic mean m place of the theoretically correct logarithmic mean is very 
slight, as previously pointed out If the calculation be based on 1 sq ft of 
outside wall, which has a diameter of 67 in , the average area of carborundum 
through which heat flows may be taken as (36+4 5)/67 sq ft Similarly 
the average areas are (45 +9) /67 sq ft for the firebrick and (63 +2) /67 sq ft 
for the mineral wool Substituting m Eq (24), one obtains 

Q/d=S07 B t u /hr /sq ft outer wall, 
or 570 B t u per hr per sq ft of znner wall 


Case II Parallel Flow 

In electrical flow with the individual resistances in parallel, 
the same voltage difference causes current to flow through each 
resistance as if it alone were present In such cases, it is custom- 
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ary to calculate the flow by adding the recipiocals of the icsist- 
ances, and multiply this sum by the voltage difference 

• • ( 25 ) 

\ T2J 

In heat flow an analogous equation is used in connection with the 
simphfled radiation equation (see p 167) 

(D) FLOW FROM SOLID TO SOLID 

When heat passes through a surface from one sohd to another 
it IS probable that at the boundary no temperature drop is found, 
as assumed m the preceding numerical examples. This, howevei, 
requires perfect contact between the sohds, and the absence of 
gases or vacant spaces caused by those blow holes, bubbles, lough 
surfaces, etc , which are very likely to be present where two solids 
are brought together Even traces of poorly conducting mateiial 
between metals, such as oxide films on the surface, will cause 
abrupt drops in the temperature It is usually impossible to 
estimate the thickness of such films, but their effect may be sexi- 
ous. In order to allow for the conductivity of the mortar bond 
in brick walls, for example, an experimental wall is generally 
made up in the laboratory and the heat loss determined. The 
resulting conductivity of the type of brick in question thus in- 
cludes the conductivity of the mortar. 

PART II. COIIVECTION ^ >. 

Film Concept. — When a liquid or gas is in contact with a 
solid there is strong evidence to show the presence of an adhering 
relatively stationary film of fluid on the surface of the solid, a 
film which becomes thinner as the velocity of the fluid parallel 
to the surface increases, but which breaks away from the solid 
only at very high velocities, if at all. Through such a film, heat 
can be transmitted by conduction only, although once the heat 
has penetrated the film the hot molecules are picked up and carried 
away mechanically by the swirling motion of the mam body of the 
fluid, i e , the transfer is mainly a matter of convectioUj and in the 
latter case the resistance to flow will be negligible Since most 
liquids and gases are exceedingly poor conductors of heat, it is 
not surprising to find a large resistance to heat flow at the boundary 
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surface of a fluid and solid (and also at the boundary between a 
liquid and a gas), accompanied by a large drop in temperature 
at this point ^ The temperature 
change m the neighborhood of a 
solid-fluid boundary is indicated m 
Fig 36 Through the sohd there is 
a fall, fe — fe; which is usually small 
compared to the temperature drop 
in the boundary itself Through 
the surface film the drop fe — ^4 is 
very great, but once the zone of Fig 36 — Diagram Illustratmg 
the stationary fluid is passed the Concept 

temperature soon reaches that of 

the mam portion of the fluid, fe. No attempt has been made to 
diaw Fig 36 to scale 

In treating this exceedingly important case of heat transfer, 
the assumption is made that the surface film of the fluid is of a 
definite though unknown thickness, and that therefore the quan- 
tity of heat transmitted per unit time can be expressed by the 
equation 

^=M(<3-fe)=MAi (26) 

U 

where the coefficient, h, replaces the term k/L in Eq (4), k being 
the coefficient of conductivity of the flmd, and L the unknown 
thickness of the surface film This coefficient h is often called the 
“ film coefficient,” or “ su rface co efficient ” In English units, 
h IS expressed" as Btj z,/br /sq. ft /°il .temperature difference. 
In contra-distinction to fc— the “coefficient of conductivity” 
previously discussed— the su^ceJJ__ po^cient, k, cowtams no 
elements of thickness 

ErOToTwhat’ has been said of the mechanism of the transmis- 
sion, it IS not surpnsing that this important coefficient, h, is by 
m ,p aus conRta.nt , even for a given fluid, butjs_gi^mplexfurictioii 
of a mimber_ of var iables su ch as the physical properties of the 
fluid, the nature .and shapa.of. the sohd .surface, anddigjsteleeity 
o f the flu id past the. solid boundary. In many important cases 
the variation of this coefficient with the conditions is a tbmg at 
present impossible to estimate except semi-quantitatively. This, 
1 See also pp 37 to 39 
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combined with the fact that the resistance to heat flow through 
such boundaries is frequently the largest and the controlling 
factor in cases of heat transfer, renders the pioWena_one of the 
most serious the engineer must face In aU attempts to reduce 
the boundary resistance between fluid and solid, expeuence has 
proven that the most effective means aie those tending to reduce 
the thickness of the surface film Thus a rapid movement of the 
body of the hqmd or gas past the surface can gieatly decrease the 
resistance by teanng off the film In the important special case 
of heat transmission into a boiling liquid, the formation and dis- 
engagement of bubbles on the heating surface, as well as the 
convection currents m the liquid mass both so greatly aid in the 
diminution and ruptuie of the suiface film that it is possible to 
find surface coefficients into a boiling liquid six-fold those into the 
same hquid below its boihng pomt On the other hand, if the 
temperature difference between the surface and the boihng mass 
be shght, it IS possible to form a more or less contmuous film of 
vapor on the heating surface, the disengagement of which is very 
slow, and which acts as an insulating layer between the solid and 
hquid Under these conditions the coefficient can be very low, 
but will rise rapidly with increasing temperature diffcience and 
the consequent stirring produced by the rapid evolution of the 
bubbles 

The following equation expiessed in terms of the potential 
concept for series flow applies to the important case of two fluid 
films separated by a sohd retainmg wall. 


d' 
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( 27 ) 


( 28 ) 




where H is the overall coefHcient of heat transfer from the hotter 
to the colder fluid The average area (-4av) on which this coeflS- 
cient is based may be taken as any one of the three individual 
areas involved; for the sake of definiteness the basis should be 
stated. 
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Foi flat walls, or where the difference in the areas of the two 
films and the plate may be neglected, Eq (27) becomes 

1- 1 ' T ■ ■ -w 

Overall versus Film Coefficients. — Consider the case where 
steam is condensing at constant pressure on the outer surface of a 
pipe and coohng water is flowing through the pipe at a definite 
velocity Each of the three resistances will have a definite value 
under these conditions, thus fixing the value of the overall 
coefficient H Now if the water velocity be doubled, the thick- 
ness of the film of water on the tube wall will be decreased Ex- 
peiimentally, it is found that this thickness is not quite halved, 
and hence hz is not quite doubled, in general, the coeffioienti. is 
between the pipe and the cooling water varies directly as some 
power^ n, of velocity Now the other two resistances will remain 
practically unchanged, so if an attempt be made to express iJ as a 
function of the water velocity, it will result in the introduction of 
this vaiiable to a power other than the true value of n The 
hteratuie furnishes numerous examples of such cases, and while 
the equation pioposed by such writers would give the correct 
result if all the experimental conditions were reproduced, they 
furnish little information to one interested in the numerical value 
of i? for a case in which the mechanism is identical, and yet where 
a different combination of fluids and kinds of retaining wall is 
involved Furthermore, it is true that such writers have neglected 
to include one or more very important variables m their equations 
(such as viscosity), with the result that variables used in their 
equations for H must also take care of fluctuations in the vari- 
ables omitted Smce viscosity vanes quite lapidly with tempera- 
ture, this last situation makes it practically impossible to dupli- 
cate the results of such experimenters even when working with the 
same fluids and retaining walls, unless one is within the same range 
of temperature that prevailed in the experimental work. T]m 
logiccH and by far the simplest method i§ the development and tabu- 
lation of equations Jor the various film coeffiaents With reliable 
data of this . sort available, the designer can calculate the film 
coefficients^fqrjbhe pase of interest to him and combine and use 
them by means of Eq (27) When it is realized that mne or more 
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variables affect the overall coefficient H m the important case 
of the transfer of heat in condenseis, it is seen that it is practically 
hopeless to get an accurate expiession for H, unless one adopts 
the simplification of calculating the special value of H for the 
paiticular case in hand from equations involving hi and As? ^^^h 
of which IS determined by a number of variables fewei than those 
which determme H The truth of this statement will be illus- 
tiated by the use of equations given below It is felt that the 
lack of progiess in the development of equations for the predic- 
tion of heat transfer coefficients is due primarily to the prevailing 
custom of ignoring the resistance concept, and the failure to 
utilize suitable mental pictures’’ concerning the various resist- 
ances involved 

The various film coefficients will be taken up in the following 
order 

A Liq uid Films, Liquid Not Boiling (Warming and Cooling). 

(1) Natuial Convection 

(2) Forced Convection 

(а) Inside Pipes 

(б) Outside Pipes 

B Liquid Films, Liquid Boiling (Evaporation and Distillation) 
C Gas Films (Warming and Cooling). 

(1) Natural Convection 

(2) Forced Convection 

(а) Inside Pipes 

(б) Outside Pipes 

D Condensing Vapors (Condensers) 

All data for film coefficients h will be given as B t u per ^hr 
per ®F temperature drop through the film per sq ft film surface 
Equations, data, and nomenclature are summarized on pp 
175 to 185 Mean temperature difference is discussed on pages 
171 to 174 


A Liquid Films, Liquid Not Boiling 

(1) Natural Convection — In the absence of propulsion of the 
liquid past the heating surface by external force, the only motion 
of the liquid is due to natural convection, i e , the mechanical con- 
vection currents set up due to the difference in density of the 
liquid at various points. The rate of circulation vanes widely 
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with the shape of the vessel, viscosity of the liquid, and temper- 
ature difference As the warming proceeds, both temperature 
difference and viscosity of the liquid decrease, since these 
variables have opposite effects, the film coefficient tends to remain 
fairly constant during the warnung period For water ^ with free 
channels for natural convection, average values of h from 50 to 
300 are realized For very viscous liquids, with poor arrange- 
ments for convection, values as low as from 10 to 20 are possible 
The value of H for any desired combination obviously depends 
on the number and type of series resistances 

Stose and Whittemore,^ working upon the preheating of sugar 
and molasses solutions of various viscosities and densities, have 
derived the following empirical equation for natural convection 
for their apparatus 

. . (30) 

covering a range of values of h from 60 to 260 In their experi- 
ments Ai, the drop in temperature through the liquid film, varied 
from 60 to 130° F , and /, the fluidity^ of the solution relative to 
water at 68° F , varied from 0 05 to 1 6. The heating was accom- 
plished by a f-in copper steam coil immersed m a 10-gal tank 
containing a 12-in depth of liquid, the temperature of the outer 
surface of the pipe being measured directly by means of thermo- 
couples 

(2a) Forced Convechon Inside Pipes — As a result of a critical 
survey^ of the literature and an application of “dimensional 
considerations,’’ it has been found that the film coefficient^ 
depends upon the thermal conductivity of the liquid k, the inside 

1 Undergraduate thesis, Chemical Engineering, MIT, 1922 

2 For a more detailed discussion of viscosity and its reciprocal, fluidity, 
see pp 79-85 

3 McAdams and Frost, Refrigerating Engineering, 10, No 9 (March, 
1924) 

^ The film coefficient is calculated by dividing the observed rate of heat 
flow per square foot of film surface by the observed drop m temperature 
through the film The latter was obtained by deducting the drop m temper- 
ature through the wall of the pipe from the observed drop from the outer 
surface of the pipe to the liquid flowing through the pipe, the skin temper- 
ature of the outer wall of the pipe being measured by thermocouples The 
film temperature was obtained by subtracting from the temperature of the 
inner wall, one-half of the mean temperature difference between the inner 
wall of the pipe and the mam body of the liquid flowing inside the pipe 
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diameter of the pipe D, and the ratio of length to inside diameter 
r, and is a function of a group of variables called the “rno^ulus 
This modulus (Dv/z) depends on three factors, namely, mass 
velpcity^i; .of liquid (pounds per second per square foot of cross- 
section), diameter D of the pipe m inches, and average viscosity 
z of the film of liquid on the inner wall of the pipe The Frost 
equation for the turbulent flow of water inside smooth pipes is as 
follows 


and is based on A;~0 35 for water Equation 31 is plotted on 
Fig 37 as the line CD In the bulk of the data used in deter- 
mining the constant of Eq 31, the value of r was 100, hence in 
this case 




207 /u\ ^ 8 

D0‘. 


(32) 


By very careful cleaning of the pipe one obtains values of h 
higher than given by Eq 32 If the pipe be fouled with scale, 
slime, or other deposit, as is often the case, one should allow for 
the thermal resistance of the scale, employing the resistanjie-Gon- 
cept (pp 131-138) Orrok^ found considerable difference m 
testing new and old Admiralty-metal condenser tubes 

For the scale on the old tube, one finds^ that k/L — 1920, and 
this value was independent of the water velocity Since the 
water-side resistance and hence the overalLresistance varies with 
water velocity, it is unsound to allow for scale-by multaplymg-tla^ 
overall coefficient by a cleanliness factor The resistance of the 
deposit should therefore be estimated from the thermal conduc- 
tivity of the deposit and the probable thickness of the foreign 
material 

When data for air are plotted on Fig 37, one obtains the line 
EF for turbulent flow and the lines LE and ME for very low 
velocities.^ The meager data for light lubricating oils of low 
\^iscosity give the line BA for turbulent flow and GA for viscous 
motion ^ I If the data for turbulent flow of all fluids fell on a 

1 Trans A S M E , 32 (1910). see also Prob 10, p 726 

2 McAdams, Sherwood, and Turner, Trans A S M E , 4^3 (1926) 

3 The lines LE and ME are based on the data of Nusselt and Josse 
respectively While this discrepancy exists, fortunately such low velocites, 
are of no commercial importance; the economical velocities for gases fall 
in the range EF 

4 The lines BA and OA intersect at an abscissa of 14 whereas the lower 
critical velocity for isotheimal flow corresponds to DV/z = 9 (see pp 73 to 
87b 
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B t u per hour per sq ft of film area per deg^ P 
temp drop between pipe and fluid 
k =Thermal conductivity of stationary fluid as 

(B t u^ (ft )/(hr } (sq ft) (deg F ) For viater k= 0 35 
D = Actual inside diameter of pipe m inches or 
equivalent diameter of annular space 
z = Viscosity of fluid film relate' i. to water at GS^'F 
Centipoises=l/J 

V =Mass velecity of the fluid m the pipe =Ibs of fluid 
per sec persq ft of cross sectional area = u 
u = Average velocity of the fluid as ft per sec 
P =Density oftheflmd aslbs peri,u ft 
r = Ratio of length of straight pipe to 
inside diameter 
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-Film Co efficients for Fluids Flowing Inside Pipes. 


^Wlien heating oils in the range G~A, an increase in average tempera- 
ture difference from pipe to oil has a marked effect in mcreasmg h This 
may be explamed as follows In isothermal flow, z e , when the tempera- 
ture difference is zero, true viscous motion exists, and the fluid velocity 
has no radial component, hence the film extends to the axis of the pipe, 
see Chapter II But when the fluid is being heated, the temperature 
of the fluid near the wall is higher than in the central core, setting up 
a viscosity gradient. As a result of the decreased viscosity near the wall, 
the fluid velocity at this section increases, requiring a decrease in velocity 
of the fluid nearer the axis of the pipe. The development of the radial 
components of the fluid velocity sets up convection currents, thereby 
increasing h. 
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Single curve on Fig 37, this would mean that the only variables 
influencing heat transfer are diameter, velocity, viscosity, con- 
ductivity of the fluid, and the ratio of length to diameter It 
seems certain that other variables play a part, particularly the 
specific heat c of the fluid It is not improbable that the different 
results obtained with the several fluids are due primarily to 
differences in specific heat which, however, must appear m some 
other dimensionless ratio, such as cz/k In other words, the 
differences m location of the lines for these fluids are probably due 


i,5 
4 0 


8.5 


84Q 

25 

2.0 

I 5 
1.0 
06 

0 


to the differences in cz/kj this variable being equivalent to 
another axis m the diagram. It has been suggested that this 
correction factor is a power function^ of cz/k An exponent. of 
0 25 will correlate the data for air and water, but the best data 
available for oil falls somewhat lower than would be called for by 
this exponent The lines drawn represent the best experimental 
data now available for these fluids If one is dealing with 
materials of mtermediate values of cz/k^ it is recommended that 
one interpolate between these curves For gases the Dixon 
equation is more accurate, see page 149 

1 McAdams and Frost, Ind Eng Chem , 14, No 1 (January, 1922) 12, 
C W, Rice, Ibid , 16, No 5 (May, 1924), 454 



Fig. 38 — Fluidity of Water 
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Inspection of Fig 38 shows why the film coefficient of heat 
transfer for liquid flowing m turbulent motion inside pipes in- 
creases with rise m temperature (For information concerning 
the fluidity and viscosity of various liquids, and the conversion 
of viscosity units, see pp 79 to 85 ) 

For oils, both k and J are less, fpr the very heavy oils J is 
only a small fraction of that of water For this reason, the film 
coefficient for oil, especially when cold, may be quite small com- 
pared to that for water 

Illustration 5 — An ^'oil to oil” heat inter changer in a continuous solvent- 
recovery plant IS to operate as follows 100 gal per minute pf hot paraffin 
oil at 250° F enter the innei pipe of a standafd“lj-in by 2-in “double-pipe 
condenser (made of steel) and leave at 120° F , 105 3 gal per minute of 
“rich” oil containing 5 per cent gasoline enter the annular space at 70° F , 
flowing in a direction opposite to the waimer oil To simplify the illus- 
tration, assume that the 2-m pipe is lagged so that heat losses to the sur- 
roundings may be neglected In order that the friction drop be not greater 
than the available pressuie, the oil velocity in the inner pipe must not exceed 
4 ft per second Calculate the total hnear feet of double pipe required, 
specifying arrangement of same 

Data — The inner and outer dimensions of IJ-m standard pipe are 1 38 
and 1 66 in , and for 2-m standard pipe are 2 07 and 2 38 in The standard 
length of such pipe is 18i ft The specific heat of the pure oil and the oil- 
gasolme solution is 0 5, and the specific gravity of both oils is 0 91 The 
cross-section of inner pipe is 0 0104 sq ft , the sectional area of the annular 
space IS 0 00833 sq ft , and k for steel pipe is 25 0 There are 7 48 U S gal 
per cubic foot and 8 33 lb water per U S gallon The thermal conductivity 
of both hot oil and the mixture may be taken as 0 082 The following table 
gives the viscosity 2, in centipoises 


Temperature, degrees Fahrenheit 

120 

140 

160 

180 

Viscosity of lean oil 

2 00 

1 66 

1 42 - 

' 1 25 

Viscosity of rich oil 

1 80 

1 50 

1 28 

1 13 


Solution — Each IJ-in pipe will handle (0 0104) (4) (60) (7 48) = IS 7 
g p m (gallons per minute) To handle 100 g p m , therefore, there must 
be (100/18 7) 01 ^ix double pipes in p arallel Therefore, the actual hnear 
velocity in the li-in "pipe is 100/(6) (60) (7 48) (0 0104) —3 57 ft per sec , 
and 4 69 ft per second in the annular space 

In order to determine the length of pipe theoretically needed, the ,heat- 
transmitting surface must be figured by Eq. (27) The rich oil will rise 
(250 — 120) /I 053 = 123° F , leaving at 193° F The temperature difference 
from oil to oil is 250 "" 193 = 57° F at the hot end and 120 — 70 = 50° F at 
the cold end, and hence the overall temperature difference, At, for the whole 




144 


PRINCIPLES OF CHEMICAL ENGINEERING 


process averages 53 5° F The heat to be transferred is that given up by 
the hot oil, or 

Q/(9 = (100) (60) (8 33) (0 91) (0 5) (250 - 120) = 2,960,000 B t u per hour 

To estimate the film temperatures, assume that say tvo-thirds of the 
overall temperature drop of 53 5° F occurs through the inner film Taking 
this drop as 34°, and that through the outer film as 18°, leaves 1 5° for the 
wall Itself The mean tempeiature of the oil in the annular space is (70 + 
193) /2 = 131 5°, hence the outer film temperature is 131 5 + (18/2) or about 
141° F , and the mean temperature of the inner film is 185 — (34/2) = 168° F 
From a plot of the viscosity data, the corresponding viscosities are found 
to be 1 48 for the rich oil outside, and 1 35 for the lean oil inside 

For the mner oil film, 1 ) 7/2 = (1 38) (3 57) (62 3)(0 91)/1 35 =207, 
cz/l = 0 5 (1 35) /O 082 = 8 23 By interpolation from Fig 37 the corre- 

hD 

k 

spending ordinate is 1,350 = ^ 

1 + — 
r 

Since r = 18 5 (12) /I 38 = 161, 14 — ^=131, hence h (1 38) /O 082 = 1,350 
(1 31) = 1,770, whence A = 105 

For the outer film, the equivalent diameter is 0 41 in , as shown on page 
145 Then 7)7/2 = 0 41 (4 69) (62 3) (0 91) /I 48 = 73 7, and cz/k^0 5 

(1 48) /O 082 =9 0 and the corresponding ordinate from Fig 37 is 600 Here 

50 

r = 18 5 (12)/0 41=542, and 1+~ = 1 09, hence /iD/^c =654 =/i (041/0 082), 
whence /i = 131 

k/L for the steel = 25 (12) /O 14=2140 Let N be the total lineal feet of 
double pipe The total resistance may now be calculated from Eq 27 
(P 136) 

2? = +r! +»'3 = (105) (i 38) (3 14) (2V/12) '^2,140(1 52) (3 14) (N/m 

1 0 0453 At _ 53 5 

131(166) (3 14) (Ar/12)“ N QlB 2,960,000’ 
whence N = 2,610 lin ft i 

Since this is to be divided into six parallel banks of pipe, each bank would 
contain 418 ft of double pipe, or 23 lengths each 18 5 ft long 

Any heatmg surface installed in addition to that calculated, to provide 
a ^'factor of safety,^' should be placed m senes with the above, foi if it were 
placed in parallel, the resultmg decrease in velocity and coefficient of heat 
transfer would almost entirely offset the intended factor of safety For this 
case, a factor of safety of 50 per cent is recommended, ^ e , the calculated 
length should be multiplied by 1 5 

1 The value of rx/R is 0 0266/0 0453 =0 588, hence the drop through the 
mner film is 0 588 (53 5) =31 4°, versm 34° assumed This slight dis- 
crepancy introduces an error well within the precision of the data, hence it 
is unnecessary to revise the trial temperatures employed 
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(2&) Forced Convection Outside Pipe ^ — ^Little experimental 
(lata are available for the flow of liquids in annular space between 
concentric pipes so widely used in heat mterchangers For the 
present, it is suggested that Fig 37 be used for this case, employ- 
ing for the value of D that diameter having the same hydraulic 
radius^'’ as the annulai space involved The hydraulic radius of 
a circular pipe is one-fourth the inside diameter, while for such an 
annular space it is one-half the clearance Use of this suggestion 
IS made m the problem last preceding 

B Liquid Films, Liquid Boiling 

Little data are available on the values of hs between a metal 
and a boiling liquid However, overall values, H (including the 
surface coefficient of a condensing steam film, the conductivity 
of a metal, and the boiling liquid film) are available The 
principal factors which seem to influence the value of H are 
temperature difference between metal and liquid, viscosity 
and density of the liquid, arrangement of the heating surface, 
and the cleanliness'^ of the heating surface, i e , whether cov- 
ered with crystals, scale, etc A large number of tests^ on six 
different commercial types of evaporators in sugar factories gave 
values of H (from condensing steam to boiling sugar solution) 
ranging from 130 to 510, varying with conditions 

In an evaporator or still the substitution of a tube material of 
greater conductivity and less thickness for a steel tube or pipe is 
never followed by a proportionate increase in the capacity of the 
apparatus, as illustrated by the following example 

Illustration 6 — A solution is boiling in an open pan and is heated by 
exhaust steam, the heating surface consists of 1 in standard steel pipe of 
0 133 m wall having a conductivity coefficient of 25 B t u per hr per sq ft 
per °F per ft of thickness It is proposed to replace the steel pipe by copper 
tubmg having the same outside diameter (1 315 in ), vails 0 040 in thick, 
and a conductivity coefficient of 220 B t u /hr /sq ft /°F /ft thickness 
Since the conductivity of copper is about mne times that of steel and its 
thickness one-third as great, if tube material were the controlling factoi, a 
twenty-nine fold capacity would be anticipated 

If the overall coefficient H, from steam to boiling solution be 300 
B t u /hr /°F /sq ft of outer area when steel pipe is used, what percentage 
increase in capacity can in fact be expected if copper be substituted for the 
steeU 

^Pridgeon and Badger, Ind , Eng Chem , 16 (May, 1924), 468; 
McCabe and Robinson, Ibid , 472 

2 Kerr, Trans A >8 if ^ , 38, 67 (1916) 
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Solution — Basis 1 sq ft of outci wall 

The inside areas in square feet are 0 797 for the steel and 0 940 for the 
copper and the mean tube aieas in sq ft are 0 898 for the steel and 0 970 foi 
the coppei The value of 2000 B t u /hr /sq ft film area/'^F will be used 
for the surface coefficient of the steam film m both cases 

Equating the sum of the series resistances to the overall resistance, 
1/(2000) (0 797) +0 133/(12) (25) (0S9S) + l/h (1) = 1/300 (1), 
whence h == 452 for the boiling film outside the pipe This same film will be 
present outside the pipe when the tube material is changed so the total resist- 
ance using copper instead of steel will be 

1/(2000) (094)+0 04/(12 (200) (0 97) -f 1/(452) (1) = 1/363 
when copper tubes are used Since the overall drop m temperature from 
steam to boiling liquid, Ai, is the same in both cases, the rate of heat flow and 
consequently the capacity will be inversely proportional to the total resist- 
ances Hence the capacity using copper tubes will be 21 per cent greatei 
than when steel pipes weie used 

In enameled apparatus with low-pressure steam condensing 
outside a cast-iron or steel wall enameled on the inner surface, 
and with water boiling inside, the overall coefficient H may rise 
as high as about 200 As a rule, enameled apparatus will not 
stand pressure much above 50 pounds steam gauge which is equi- 
valent to a temperature of 298° F in the jacket, and obviously the 
temperature of the liquid in the apparatus will be much lower 
Where higher temperatures are desired, hot oil is circulated 
through the jacket Where the oil velocity is low the overall 
coefficient from oil to liquid may be only 10 to 20 

Although the data concerning the film coefficient hs from 
metal to boiling liquid are meagre, it is believed that in the case of 
water it may vary from 200 to 4000 

— - C. Gas Films. 

(1) Natural Convection — Gas film resistances to heat flow are 
of a much greater order of magnitude than those offered by liquid 
films 

The surface coefficient A of a gas film depends on its thickness 
and the conductivity of the gas, which in turn depend on the gas 
filna temperature If the only gas currents tending to thin down 
this film are due to natural causes, the convection is said to be 
natural An illustration of such a case is found where a steam 
pipe is losing heat to the air in a room As previously stated, 
the heat flows through the film by conduction, and is earned away 
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from the film by convection ^ The coefficient for such a case is 
often called the '^convection coefficient In the following dis- 
cussion this coefficient will be referred to as ho The value of ho 
depends upon a number of factors, such as the position, shape, 
condition and magnitude of the surface, upon the density of the 
gas, upon the temperature of the gas film, and upon the tempera- 
ture difference between the surface of the solid and the mam body 
of the gas All known solids when exposed to a cooler gas lose 
heat, not only by convection to the gas, but also by radiation to 
the surroundings When the radiating power of the solid is 
known, the convection loss, and therefore, the convection coeffi- 
cient ho can be calculated by difference Unfortunately, as will 
be discussed below, the radiating powers of most solids are not 
accurately known, and consequently there are little reliable data 
available for ho Langmuir^ in order to minimize the radiation 
correction in his experiments for the determinatjon of convection 
coefficients, chose silver as the solid, since it radiates less heat 
than any other available material The results of Langmuir’s 
experiments on a 6-in silver disc with one side exposed to air in a 
room may be closely expressed by the equation 

/iG(from a vertical surface) = 0 28 (Ai)® (33) 

where Aij the °F temperature difference between the surface of 
the plate and the main body of air in the room, varied from 10 to 
850 Using the same silver disc, Langmuir^ found hg to be about 
10 per cent greater on the upper side and 50 per cent less on the 
lower side of the horizontal disc, than when it was m a vertical 
position 

Considering other data available, the following equation is 
recommended for an^ estmiation of the. convection coefficient for 
vertical walls j of commercial size 

1 Heat IS also lost in this case by the separate mechanism of radiation, see 
pp 160 to 170 

^ Trans Am Electrochem Soc , 23 , 299 (1913) 

® Loc cit Taking into account the variation of the conductivity of the 
gas film with the temperature, Langmuir found that his experimental heat 
loss could be predicted by assummg a constant thickness of 0 4 cm of station- 
ary air film on the silver surface This held between 150 and 500° C. Only 
a small proportion of the total heat loss from the silver surface was by radia- 
tion, it was found that the hand must be brought withm approximately 
0 4 cm of the silver surface before marked increase in temperature could be 
noted This demonstrates the existence of the air film, see pp 36 to 39, 
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ho=() (3-^^ 

where M varies between 10 and 400° F temperature difference 
between the wall surface and the air in the room It is true that 
certain fibrous substances permit the formation of a somewhat 
thicker surface film than is found on smooth walls, but the coeffi- 
cient IS probably independent of the material proper except as 
this influences the surface condition 

The convection loss from horizontal steam pipes to air, for 
either bare or lagged pipe, can be estimated by Eq (34), but for 
pipes smaller than 5 in the value should be increased and for 
larger pipes it should be decreased When figuring ho for lagged 
pipe, care should be taken to employ for the °F temperature 
difference between the surface of the lagging and the air, not 
between the steam pipe and air 

Numerical problems will be found under simplified radiation 
formula/' pp. 167 to 170 This is because the convection loss is 
always accompanied by a radiation loss 

(2a) Forced Convechoriy Gas Flowing Inside Pipes — When 
air IS caused to flow past a solid, for example, by a fan, higher 
values of ho result as the film is made thinner Such convection 
IS called '^forced " A knowledge of the value of the coefficient 
of heat transfer between a gas and a solid by conduction plus 
convection under any chosen conditions is essential in the design 
of steam boilers, feed water heaters installed m boiler stacks, 
superheaters, gas coolers, gas heaters, and other types of appara- 
tus, depending on forced gas circulation Because of its impor- 
tance, much expeiimental work has been done in determining ho 
for this case of gases flowmg inside pipes of circular section under 
special conditions chosen by the various experimenters^ because 
their work was often being done for industrial concerns These 
and others have suggested various equations to represent the 
results, some of them extremely complex and unwieldy The 
equation derived by each of these holds within the experimental 
error for the particular conditions maintained during the individ- 
ual test but IS inapplicable to conditions widely different from 

^ Wm Nusselt, Verein Deutsche Ing , 89 (1910), Fessenden and Haney, 
Umv^ of Mo Bull , vol 17, No 26 (1916), Babcock and Wilcox, 35th Ed of 
'^Steam,” 328 (1913), and 1916) ^^Experiments,” published in pamphlet 
form, H P JoHDAN, Proc Inst Mech Eng (1909) ^ 
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the experimental ones Dixon ^ considered all the data obtained 
by the above investigators and offers the following equation, 
which IS general for all gases investigated It correlates the 
reliable data and is recommended as the best equation so far 
developed for turbulent^ flow inside pipes or in annular spaces 
between concentric pipes 

ho = 0 22 (35) 

where v is in pounds of gas per second per square foot of free area ; 
Cp IS the average specific heat at constant pressure, T/ is the mean 
temperature of the gas film, expressed in degrees Fahrenheit 
absolute, and D is the equivalent diameter of the gas passage, 
in inches. Equation (35) is substantiated by experimental data 
of various investigators for equivalent diameters from 0 3 to 4 
in , for mean film temperatures from 626 to 1650° R , for veloci- 
ties from 0 2 to 30 lb of gas per second per square foot of free area, 
and IS based on data for illuminating gas, air, and carbon dioxide 
This mass velocity^ is equal to the average linear velocity (feet 
per second) through the clear area multiplied by the density 
(pounds per cubic foot) of the gas at the temperature and pres- 
sure in question, t e , 

v = up, (36) 

For ordinary calculations with air inside 1-in pipes, approxi- 
mately the correct coefficient is given by the equation 

ho S . . .... (35a) 

where / depends on the film temperature When the latter is 
200° F, /=4. This expression should not be used with very 
small tubes or very high temperatures, where the general equation 
(35) must be employed 

Illustration 7. — Gases from a sulphur burner (18 per cent SO 2 , 2 9 per 
cent O 2 , 79 1 per cent N 2 ) at 1600 °F are to be cooled to 75"^ F , by passing 
inside lead pipe (4-in inside diameter and i-m wall) immersed horizontally 

^ W T Dixon and W H McAdams, article in preparation 

2 See pp 87 and 141 Equation (35) does not apply to viscous flow 

3 Reynolds (Phi Trans , 1883) was the first to point out the advantage 
of expressing gas velocity as a mass rather than a linear velocity All 
equations of value proposed in the last 10 years employ this mass-velocity 
concept 
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m a wooden tank through which cooling water is circulated Each pipe is 
connected by a return bend to the pipe directly below it, and the top and 
bottom rows have a horizontal header for introducing the gases at the top 
and removing them from the bottom of the cooler Cooling water enters 
the bottom of the tank at 70° F and overflows at the top at 180° F. In 
order to handle 20,000 cu ft of gases (measured at 75° F and 1 atm abso- 
lute pressure) per houi, (a) how much cooling water is required*? (h) how 
many linear feet of pipe are necessary if the linear gas velocity leaving the 
cooler be not over 15 ft per sec in each 4-m pipe*? 

Solution-— Fait (a) The molal heat capacities^ of the gases concerned 

are as follows 

MC'p CS02)=7 0+0 0071T-0 OOOOOISOT^ 


MCp (O 2 , N2)=6 5+0 OOIT, 


•wheie T = the instantaneous °C absolute temperature The total heats to 
be removed from each of the component gases in one mol of the mixture from 
the burner, could be calculated by integrating these equations between the 
hmits of = (460+1600) /I 8 = 1143° C absolute and 7^2 = 297° C absolute, 
but are more conveniently read from the total heat curves given m Fig 5, 
p 14 Thus the net heat given up by 1 lb mol of SO 2 in cooling from 1600 
to 75° F , is 17,100-380 = 16,720 B t u , while for 1 lb mol of O 2 or N 2 , the 
net heat given up is 11,000 B t u The total mols of burner gas to be cooled 
per hour are 


(^±3^ 2 1b mols per hour 

(460+75) (359) 

Q/d=(61 2) (0 18) (16,720) + (51 2) (0 791+0 029) (11,000) 


= 615,000 B t u per hour 

Since the water has a specific heat of 1 0 and rises 110° F m passmg through 
the jacket, the necessary water 

= 615,000/(60) (110) (1) (8 33) = 11 2 G P M (gallons per minute) 

Solution — Part (5) The initial temperature difference between gases 
and water is 1420° F , the final is 5° F , and the mean, as will be shown on p 
185, is 


Ati—At2 


=251° F. 


(52) 


Since the cross-sectional area of a pipe whose mside diameter is 4 00 in 
is 0 0873 sq ft , the number of pipes m parallel to handle all the gas at an 
exit velocity of 15 ft per sec would be 20,000/(15) (3600) (0 0873) =4 24 
Hence 5 pipes must be used, thus making the actual exit velocity 12 72 ft 
per sec m each 4 m pipe 

The average molecular weight (M) of the gas is 

(0 18) (M for SO2)+0 791 (ikffor N2)+0 029 {M for 02)=34 6 


iQ N Lewis and M Randall, J Am Chem 80c j 34, 1128 (1912). 
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The mass velocity of the gas thiough tlio pipes will be 

"-( 460+0 ( 369 ')-^ 

gas pel sec per sq ft of cross-sectional area 

The value of ho from gas to pipe is given by Dixon’s equation, Eq (35) 


ho = 


0 22C^TfHV^ 8 
jr)0 2 


The values for the symbols in Eq (35) are calculated as follows 


logi^v^ ^ — 0 8 ?o^io 1 127 = 0 0410, so 8 = 1 10, 
logi^D^^^O 2%io4 = 0 1204, soD°2 = l 32 

___ B t u removed! 0 2 27 B t u per Ib ^ 

(°F fall in temp ) (lbs gas) ~ °F 




Neglecting the drop m temperature through the pipe wall and water film, 
the gas film temperature is calculated by adding one-half the mean temper- 
ature drop through the gas film to the mean temperature of the water 
Hence, 

r/=460+^^i^+^=710“R , r//3=79 5 

Substituting these values in Eq (35), ho — BSl 

Now Al for the moving water outside the pipes will be more than 200, so 
this resistance is less than 1/200, and may be neglected m series with 1/3 31 
Likewise the resistance of the pipe L/Kj or 1/960, may be neglected in com- 
parison to 1 /3 31 So the gas film can be considered as the total resistance 
and 

Q/d __ 615,000^ 




hoiAt) (3 31) (251) 


=740 sq ft of inside area 


Since each linear foot has 1 045 sq ft inside area, the total length of pipe 
required is 708 linear feet of 4-in pipe 

Since there are to be five pipes in parallel, the length of each parallel row 
must be 142 ft Each of the five parallel rows should consist of sufficient 
length to provide its cooling surface (142 linear feet) plus enough additional 
length to allow for the flanges and return bends, which would be placed out- 
side the wooden tank which forms the jacket In order to allow for the 
deposition of sulphur in the pipes, 2 b factor of safety of 2 is suggested, ^ e , the 
apparatus should consist of five parallel banks of pipes, each bank containing 
say 280 linear feet of pipe, exclusive of bends. 


(26) Forced Convection — Gas Flowing at Right Angles to Pipes — 
For gas flowing outside pipes, data for air only are available 
Based on the data of King, Kennelly, and Hughes, ChappelP 
derived the following equation for air flowing at right-angles to 
single pipes 

ho=0ST^ . . (37) 

1 E L Chappell and W H McAdams, Trans A B M E , 4:8 (1926) 
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where ra = 0 60 -hO 08 logioD T/ is the average film temperature 
m degrees Rankine, v represents the pounds of gas per second per 
square foot of free area, and D is the outside diameter of the pipe 
in inches The overall range of the various factors is as follows 
Tf from 595 to 1,410, r from 0 04 to 11, D from 0 001 to 2, and 
ha from 3 5 to 410 At low velocities one should calculate the 
value of he for free convection (see p 147), employmg the higher 
of the two coefficients, Ac and ho Also, radiation must be 
separately calculated (see pp 160-171) 

For air flowing at right angles to staggered pipes, a compaiison 
of Eq 37 with the data of Carrier, Sturtevant, Reiher, and others, 
showed that the equation should be modified as follows 

where W is the distance in mches, between the centers of adjacent 
pipes in a row taken at right angles to the direction of air flow, and 
w represents the pounds of am per second per square foot of mim- 
mum free area between the pipes in a plane at right angles to 

the air flow The correction term for staggering, 1 +^, applies 

only when the pipes are arranged substantially equilaterally 
For gases other than air, it is suggested that ha from Eqs 
37 and 38 be multiplied by the ratio of the specific heats of the 
gas and of air, both taken at the average gas temperature 

The Buffalo type of hot-blast heater used by Carrier was con- 
structed from standard 1-in wrought-iron pipes The center-to- 
center distance of pipes in the same row was 2| in , the distance 
between center lines of adjacent rows was If in , and the mini- 
mum free area through the first row was roughly 50 per cent of 
the frontal area For these conditions the Carrier equation^ is 
as follows . 

ho = 22^w/(142+w), (39) 

where w varied from 0 25 to 1 5 lb per second per square foot of 
rmnimum free area In companng tests on various air heaters. 
Garner found that any standard construction which increases am 
friction mcreases ho 

1 W. H. Carriee, Trans A S M. E , 33 (1911) 
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lilustration 8 — 1000 cu ft of air per minute (measured at 20° C ) is to be 
heated from 20 to 100° C by being blown outside and perpendicular to stand- 
ard 1-m steel steam pipes, the center line of the pipes being spaced on equi- 
lateral triangles so that there is 1 in clear space between the pipe surfaces 
The superficial air velocity is 10 ft per sec at 20° C How many linear feet 
of pipe will be required when the steam pressure is 20 lbs gauge‘s 
Note — Sp ht of air = 0 241, barometer is normal 

Solution — Eq (39), applies to such conditions, which represent good 
engineering practice The superficial velocity is that which would exist were 
the pipes not present The outside diameter of 1 in pipe is 1 315 in , so in 
every 2 315 in there is 1 in clear space, or 43 pei cent clear area Thus, the 
actual velocity through the minimum clear area is 

u = (10) (2 315)/1 =23 2 ft per sec at 20° C 

The volume of a molecular weight of any permanent gas at standard con- 
ditions (S C ) ^ e , 32° F , and sea level pressure, is 359 cu ft The molecular 
weight, M, of air is 29 The Centigrade temperatures must have 273 added 
to convert them to absolute temperature, and the volume of a gas varies 
directly as its absolute temperature The pressure (p) is taken as normal 
barometric, namely, 14 7 lbs per sq m 

The mass velocity required for Eq (39) is 


w-{u) 


(273) (M) (p) 
(273+0 (359) (14 7) 

ByEq (39), 


= 1 74 lbs air per sec per sq ft free area at ihe 
minimum cross-section 


22 3iy 

=12 3 B t u /hr /sq ft heatmg surface per °F 

1 42 + 11 ; 



The temperature of the steam corresponding to 35 lbs absolute pressure 
per sq in is 126° C , so the difference between steam and air is 126—20 = 
106° C at the cold end and 126-100 = 26° C at the hot end As will be 
shown on p 185 the mean temperature difference for such a case is given 
by Eq (52) 


A^ay — 


'2 


Ati — 



, / 106 \ 


or (57) (1 8) = about 103° F. 
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As will b© sh-Own on pngo 170, "th-ero is no approcmblo tempomtur© drop 
through the condensing steam film or through the metal pipe, 


Q/d 


157,000 
(12 3) (103) 


= 124 sq ft 


Since 2 91 linear feet of standard 1-in pipe are required to give one square 
foot of outside area, the total length necessary is 361 linear feet of standard 
1-in steel pipe 


D Condensing Vapor Films 

When a vapor is m contact with a solid, the temperature of 
which IS lower than the condensing temperature of the vapor 
under the pressure in the container, the vapor will condense upon 
the surface of the solid, and in so doing will give up at constant 
temperature its heat of condensation (equal to the heat of vapori- 
zation), a quantity that is always large Unless the container be 
so narrow that throttling can occur, the condensation will take 
place at constant temperature, as otherwise pressure differences 
would be developed on the various parts of the condensing sur- 
face, differences which it is of course impossible to maintain if 
there is the possibility of free movement of the vapor from point 
to point 

For the condensation of vapors containing air only to the 
extent of that dissolved in the original liquid, considerable data 
are available for the condensation of steam on the outer surface of 
pipes Webster 1 found values for steam ranging from about 
1440 to 3240, the coefficients increasing as the arithmetic 
average steam velocity varied from 1 to 7 lbs. per sec per sq. ft 
At a given velocity increasing the absolute pressure from 18 to 
90 lbs. per sq in seemed to decrease the coefficient somewhat. 

Jordan ^ obtained similar results for steam but his coefficients 
at a given steam velocity and pressure were considerably lower 
than those found by Webster. Clement and Garland ® found 
coefficients for steam varying from 1470 to 2410. More recent 
data ^ for steam at atmospheric pressure give coefficients varying 
from 2060 to 3360 Since the quantitative effects of the various 
variables which affect the coefficient on the steam side have not 
been determined, the value of 2000 is suggested for ordinary 

1 Trans Inst Engrs and ShtpUds %n Scotland, vol 67 (1913-14) 

2 Engineering (London), 1909 

3 Univ of 111 , Eng Expt Sta Bull 40, 1909. 

4 McAdams and Frost, J Ind Eng Chem , vol 14, No 1 (1922). 
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calculations This assumes, however, the presence of non-con- 
densable gas in small amounts only, and provision for the rapid 
and efficient removal of condensate from the heating surface and 
non-condensable gas from the condenser, z e , conditions repre- 
senting good engineering practice Although the actual value 
of hv will vary considerably from case to case, fortunately the 
coefficient on the steam side is not usually the controlling factor 
in the case of condensers, evaporators and stills In the case of 
preheaters for air or other gases the resistance on the gas side is 
usually so high that the resistance on the steam side is negligible 
in comparison 

In the case of vapors other than steam much lower coefficients 
are found This is because the coefficient is determined by the 
conductivity and fluidity of the condensate 

This point is illustrated by the following table ^ 



(w 

(j) 

iK) 

(s) 

Steam 

r 2,190 
] 3,360 

3 05 

3 86 

0 329 

0 329 

2,180 

2,650 

Carbon tetra-chlonde 

12,475 

283 

3 16 

1 85 

! 0 329 

0 0610 

2 380 

2 510 

Benzene (CcHe) 

! 306 

2 81 

0 0806 

1,350 

1 366 

2 87 

0 0806 

1,580 


Thus the greater part of the ratio of about 8-fold in the coefficients 
for steam and organic vapors is explained by the lower values of 
the thermal conductivity {K) and fluidity (/) of the organic 
condensate Additional experiments should be made to deter- 
mine the effects of other variables, such as vapor velocity. In 
the absence of experimental data for vapors other than those 
quoted, the following equation may be used as an approximation 

A. = 2,200irJ (40) 

The addition of non-condensable gas to condensing steam has 
a marked effect in lowering the film coefficient hv from vapor to 
metal Fortunately, in good engineering practice it is possible 
to keep the percentage of non-condensable gas small, even in 
1 McAdams and Feost, J Ind Eng. Chem , vol. 14, No 1 (1922). 
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multiple effect evaporation, where steam is condensing undei 
vacuum This is also possible in the case of steam-heated rolls 
used for the drying of paper, cloth, etc , but the practice in this 
field is not as well standardized as it should be Fig 39 shows 
how the coefficient h ^ varies with the arithmetic mean percentage 
of air m steam It will be noted that the curves by the different 
investigators do not check, this is due to the fact that the coeffi- 
cient IS not plotted against the propei variable, oi group of van- 
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Fig 39 ^ — Effect of Air on Film Coefficient from Condensing Steam to Pipe 

(1) Recalculated data of Chambers and Eskew 

(2) Arzoomanian and Alpert 


ables, as the case may be ^ C S Robinson gives the following 
equation ® 

logio Ai, = H-0 0246 (per cent steam by volume) 

Equations for the overall coefficient from steam to cooling 
water in surface condensers have been suggested previously by 
Smith, Orrok and others The average value of H for a number 
of installations of surface condensers is given by the latter as 350 ^ 


1 Data of Chambers and Eskew, MIT Chem Eng Thesis, 1921, as 
recalculated by T H Frost, MIT, data of Arzoomanian and Alpert, 
M I. T Chem Eng Thesis, 1922 

2 See, however, the recent work of Ethibr, MIT Chem Eng Thesis, 
1928 

3 Based on Kerr’s overall coefficients from condensing steam to boiling 
sugar solutions, see J Ind Eng Chem , 12 (1920), 644 

^ Orrok, Trans A S M E j (1910) 
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Calculation of H by the resistance method is desirable, though in 
many cases the major resistance m a surface condenser handling 
steam is on the water side,^ especially where low water velocities 
are used When condensing organic vapors, the resistance on 
the vapor side becomes higher than in the case of steam 

Illustration 9. — condenser is to handle 1500 lbs per hour of dry, satur- 
ated alcohol vapor at normal barometric pressure and cool the condensate 
to 75° F operating with cooling water which passes up through standard 
i"in seamless drawn copper tubes The alcohol vapor enteis at the top and 
passes down around the tubes and the water enters the tubes at the bottom at 
60° F and leaves at the top at 120° F with a hnear velocity of 2 ft per sec 
How many tubes must be installed, and what must be the length of each? 

Data — The specific heat ol alcohol is 0 65 Btu/lb/°F, the heat of 
vaporization is 372 B t u /lb , and the boding point is 173° F The inside and 
outside diameters of the J-in copper tubing are 0 375 and 0 540 in and the 
conductivity coefficient of the copper is 220 B t u /hr /sq ft /°F /ft 

Solution. — Two operations are performed m this condenser ; the 
condensation of alcohol vapor at a constant temperature of 173° F , and the 
cooling of the condensate from 173 to 75° F The coefficient of heat transfer 
has different values in each of these two stages 

The heat removed in condensation is (1500) (372) =558,000 Btu/hr, 
while for cooling it is (1500) (0 65) (173— 75) =95,500 Btu /hr Since the 
water flows first through the cooling and then the condensing zone, the temp- 
, 95,500 

erature rise m the coohng zone must be :: or 14 6 per cent of 

^ 558,000+95,500 ^ 

the total rise of 60° F , or approximately 9° F Hence the cooling water at the 
end of cooling and the begmmng of condensation is 69° F The temperature 
difference between condensing vapor and water is 173 — 120 = 53° F where 
the water leaves the condensing stage, and 173— 69 = 104° F as it enters 
The arithmetic mean or 78 6° F , may be taken with less than 4 per cent 
error, as stated on p 174 For the cooling stage, the temperature differences 
at the ends are ljQ4° and 15^F , so the log mean temperature difference must 
be used, which gives by Eq (52), 


104-15 


=46° 


F 


Since the water has a specific heat of 1 0 and a temperature rise of 60° F , the 
necessary water for this condenser is 


(558,000 +96,000) /(60) (60) (8 33) =21 8 G P M (gallons per minute) 


The cross-section of each tube is 0 000766 sq ft , and since the linear water 
velocity in each tube is to be 2 ft per'^sec , the number of tubes must be 31 7 

^ See also p. 140 
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or 32 tubes This water velocity gives a conductance coefficient Kl of 526 
according to Eq (32) 

Since the value of K for alcohol is 0 1025 (see p 182) and the average 
value of J IS 2 22 (see Fig 26, p 83), the surface coefficient for the condensing 
vapor ffim h, found by Eq (40) to be 501, then Q/0 for the condensing stage 
IS, by Eq (27), 

78 6 

1 0 Q82~5/12 1 

(526) (N) (3 14) (6 375/12) (220) (N) (3 14) (0 458/12) (501) (N) (3 14) (0 540/12) 

= 558,000, whence N = 240 linear feet for condensation 

The average temperature difference in the cooling stage is 46° F , Q/0 is 
95,500 B t u /hr , and assuming the coefficient As between the outside of the 
tube and the condensed alcohol as 50, iV’=334 ft 

The total feet of pipe required is 240+334 or 574 linear feet, and if there are 
32 tubes m parallel, the length of each will be 18 ft 

Optimum Velocity (Economic Balance). — In the above equations 
it wiU be noted that velocity is an important variable and one 
largely within the control of the designer. Thus, in air heaters 
for ventilating systems, driers, humidifiers, etc , one may use a 
high air velocity, thereby securmg a high coefficient of heat trans- 
fer, but this IS done at the expense of a high pressuie diop If 
desired, one may go to the other extreme and use a very low air 
velocity requuing therefor a large heating surface but involving 
very little pressure drop and therefore only small power con- 
sumption. As pointed out by Carrier and Busey ^ in connection 
with the design of hot blast heaters, the decision as to the velocity 
to be employed in the given case requires an economic balance 
between cost of power and cost of heating surface The curves ^ 
in Fig. 40 have been calculated for the heating of 10,000 cu. ft 
per min from 70 to 170° F., using steam condensing at 220° F 
in a heater made of staggered standard 1-in pipe The coeffi- 
cients were figured from the Carrier^ formula and the pressure 
drops from the Sturtevant^ tables The cost of heating surface 
was taken as $0 927 per sq ft including all installation costs 
The combined (overall) efficiency of fan and motor was assumed 
to be 50 per cent and the cost of power 3 cts. per kw -hr The 

1 Trans A S H V E , 19, 141 (1913) 

2 Lewis, McAdams, and Fbost, Jour A S H V. E,, 28, 104 (1922). 

^ See p 152 

4 See p. 89 
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chier for which this apparatus was designed operates 7200 hr 
per year, % e , 300 days. The charge against the heating surface 
for depreciation, interest, taxes, maintenance, etc., was assumed 
to be 15 per cent 

It Will be noted that the point of lowest total cost corresponds 
to an initial air velocity of about 10 ft per sec through the mini- 
mum clear area The reason for this is that whereas the charges 
against heating surface are annual, the power cost necessary to 



0 5 10 15 ..J 

Initial Air Velocity (Ft per Sec ) 

Fig 40 — Optimum Velocity m an Air Heater (by Economic Balance) 

force the air through that heating surface is mounting up every 
hour of operation 

Note also that the percentage charged off against depreciation 
and the like is very low, far lower than is justifiable under other 
than exceptional conditions High capital charges demand high 
velocities, high power cost, the reverse There is often a tend- 
ency on the part of the designer to keep down initial investment 
by an installation that is m reality mefificient because of excessive 
operating costs 
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PART ni RADIATION 

A General Equation for Total Radiation 

If energy in the form of radiant heat be allowed to strike a 
body, either solid or liquid, a certain piopoition of the total 
impinging is reflected fiom the surface of the body back into the 
surrounding space, while the remainder passes through the surface 
into the mass This entering radiation, in opaque bodies, is 
absorbed by the body and quantitatively transformed into heat, 
and in translucent bodies, part is so absorbed and the remainder 
passes through For every material that fraction of the total 
energy impinging on its surface in the form of radiant heat which 
is absorbed is a constant characteristic for the material. The 
remainder of the energy is reflected or transmitted This frac- 
tion for any given material varies with the wave length of the 
radiation, and with the temperature of the suiface of the body 
When radiant energy is widely dispersed through the spectrum, 
it IS possible to employ for any given body an average value of 
this coefficient, amply accurate for engineering purposes. So far 
as determined, this coefficient increases rapidly with the tempera- 
ture above 1600° C , but does not vary greatly at low tempeia- 
tures, it will be taken as independent of the temperature for all 
calculations in this text. Substances for which this fraction has 
the value unity, namely those absorbing all the radiation striking 
them and reflecting none, have been given by Kirschoff the name 
“ black bodies,^^ and while it is only under exceptional conditions 
that such behavior can be quantitatively reahzed in any solid, 
the concept of the black body ” is fundamental to an apprecia- 
tion of the phenomena of interchange of energy in the form of 
radiation between solids or liquids and their surroundings 

The presence of a gas in the space surrounding a body does not 
appreciably affect the radiation from the body, and as all gases 
have very low absorptive powers for radiant energy, it passes 
through the gas practically undimimshed in amount When 
absorbed by a surface placed in its path, it will be converted into 
heat and m this form it can be taken up by the gas by the proc- 
esses of conduction and convection as already discussed ^ 

We owe to the theoretical and experimental work of Stefan, 
Boltzmann, Lummer and others, the knowledge of the fact that 
1 However, see p 165 
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the total energy radiated per unit surface area for any body which 
behaves as “ black is entirely independent of the material of the 
body and is proportional only to the fourth power of the absolute 
temperature of the body This is expressed mathematically by 
the equation, 

— = . . (42) 

e 

The values of the radiating powers relative to ideal black 
body, p, foi various metals are given on p 184 The available 
data are meagre and conflicting because m most of the experi- 
mental determinations, convection was not eliminated, and the 
convection corrections were not accurately estimated The rela- 
tive radiating powers of most compounds, oxides, salts, organic 
substances, etc , are not accurately known, and are difiicult to 
measure The majority may be assumed as approximately 90 per 
cent black Metals, when covered with a continuous rough 
film of oxide, also may be taken as 90 per cent black/’ i e , 
their behavior is determined by the composition of their surfaces 
Equation (42), when corrected for relative blackness becomes, 

^=hAvT^ (42a) 

which IS the general equation from which the total radiation for 
any case may be calculated However, in most cases of industrial 
importance, one is interested in the n et ra diation, which is obtained 
by applying Eq (42a) to both the hot and cold bodies, the desired 
result being obtained by difference The following special cases 
deal only with radiation between bodies (solids and hqmds) each 
at a constant temperature. 

B, Net Eadiation between Bodies (Solids or Liquids) 
Each at a Constant Temperature 

Case I Two Parallel Planes , Indefinite in Extent 
In this case. 



PlC P2C c 


1 In this equation the absolute temperature is divided by 100 before 
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where Qn/9 is the net loss of heat per unit of time from the hotter 
body, A IS the surface area of either body, pi and p 2 are the coef- 
ficients of relative blackness of the hotter and colder surfaces at 
the absolute temperatures Ti and T 2 respectively, and c is the 
" black body ” radiation coefficient 

In Enghsh units c is 0.172 Btu/hr /sq ft/(°F abs /lOO)^ 
while megs units, c is 0 000137 gm cal /sec /sq cm /( C abs / 
100)^ The constant h in Eqs (42) and (42o) is c/100, 000,000 in 
either system of units 

Eq (43) also applies to two concentiic spheres when the 
diameters are nearly equal, and may be used as an approximation 
for estimating the transfer of heat by radiation from the hotter 
to the colder walls in heat recuperators as found in combustion 
practice, and in concentric pipes 

Case II A Small Body Completely Surrounded by a Large Body. 

It can be mathematically shown that in a space entirely sur- 
rounded by a solid at a given temperature, whatever the relative 
“ blackness ” and configuration of the inner walls may be, the 
combined radiation and reflection from each unit area of the in- 
terior surface is exactly the same as though the body were 
“ black ” Moreover, if within this enclosed space theie be a 
relatively small solid body, whether “ black ” or not, the total 
radiation striking this body is identical with what it would radiate 
were it a “ black body ” at the temperature of its surroundings 
In such a case, the energy interchange or net radiation, between the 
enclosed body and its surroundings is given by the equation 

^=ApeC 

where pe is the relative blackness of the enclosed or smaller body 
and A is the area of the enclosed body 

Illustration 10. — A standard 1-m steel pipe for sampling gas is placed 
conceHtrically within another steel pipe so that cooling water can be cir- 
culated in the jacketj the whole projecting 3 ft into the furnace If such a 
combination be inserted into an open-hearth steel furnace whose inner bed 
and walls are at 1500° C and where the average gas velocity is 15 ft pei 
sec at 1800° C , how much water at 100° F must be supplied to it, if the 
water leaves at 180° F ^ 

raising to the fourth power merely as a matter of convenience to avoid exces- 
sively high numbers (Otherwise the constant would be divided by 
100,000,000 ) 
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Solution. — Basis 1 sq ft outer pipe area 

The °F absolute temperature of the furnace wall is 

(1500) (1 8) +492 -3190, 

and the pipe is at an average temperature of 140+460 = 600° F abs Since 
rusty iron is 90 per cent black, the heat transferred to the pipe by radiation 
(Eq 44) is 160,000 B t u /hr /sq ft 

Since the gases m the furnace are at 1800° C , and have a velocity of 
15 ft per sec at this temperature, the heat transferred from the hot gases to 
the outside of the pipe may be estimated by the equation 

Qn/Ad = (hG)At, 

where the value for ho is obtained from Eq (37) The heat so transferred 
amounts to only 9050 B t u /hr /sq ft , small when compared to 160,000 
Since the water has a specific heat of unity and a temperature rise of 
80° F , the water supply in gallons per mmute to the pipe must be 

169,000 ^ G P M 

(60) (80) (1) (8 33) sq ft outer pipe surface* 

The pipe sizes must now be chosen so that this much water will be sure to 
flow at the lowest pressure to which the water may fall Since the outer pipq^ 
IS a standard 1-in steel pipe and projects 3 ft into the furnace, its outer area 
IS 1 03 sq ft , which calls for practically 4 4 gallons of water per minute 

An additional illustration is given below under Radiation 
Errors in Pyrometry 

Case III Intermediate Cases 

The total radiation emitted by each of the two bodies is inde- 
pendent of the surroundings and may be calculated by Eq. (42a) , 
the radiation received by each body is the total radiation emitted 
by the other body corrected for the average spherical angle sub- 
tended The net radiation exchanged between the two bodies 
may then be obtained by difference Calculations of this sort are 
extremely complicated and m practice usually involve rough 
approximations. For these reasons, no illustrations are given 

Case IV. Two Mam Bodies Connected hy a Body at Intermediate 

Temperatures 

Many cases arise in which the body radiating heat and that 
receiving it are connected by walls at intermediate temperatures, 
the area of these connecting walls not being negligible in compari- 
son to the area of the hot and cold bodies An important illus- 
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tration of this case is found m the coal-fired steam boiler. A 
large fraction of the heat is generated within the fuel bed and of 
this a great propoition is transmitted to the boiler by radiation 
However, the walls of the boilei setting are large m area in com- 
parison with the surface of the fuel bed and frequently too m 
comparison with the exposed surface of the boiler A certain 
amount of the energy ladiated from the fuel bed does go directly 
to the boiler but a large fraction of it hits the walls of the setting 
where a part of it is reflected either to other points on the setting, 
to the boiler or to the fuel bed, while the remainder is absorbed 
This absorbed heat laises the walls to incandescence and since the 
walls are poor conductors most of the energy is re-emitted as 
radiation A part of this goes direct to the boiler, another part 
to other portions of the walls and the remainder to the fuel bed 
itself Howevei, m this case the difference in temperature 
between fuel bed and boiler is so great that the amount of heat 
returned to the fuel bed is small compared to that emitted, con- 
sequently the heat evolved by radiation can be estimated with 
precision sufficient for engineering work by neglecting these 
reflection and radiation effects to the wall and calculating the 
radiation from the surface area of the fuel bed alone It is imma- 
terial whether the equation for Case I or Case II be employed, as 
the fuel bed is approximately 90 per cent black and the returned 
radiation is too small to be anything other than a correction 
factor. 

The Bureau of Mines ^ has carried out a series of experiments 
in which a Heme boiler was fired with a dutch oven located 
about 40 ft in front of the boiler and connected with it by a 
horizontal fire-brick flue 3 by 3 ft in section Pyrometers were 
inseited into this flue at various points and Pig 41 shows the 
readings of these pyrometers at various points along the flue 
(Test 191) There was approximately a 2 per cent air leakage 
into the flue, but it wiU. be noted that the temperature drop is 
approximately 21 per cent As pointed out by the experimenters 
this drop in temperature along the flue is due to the existence of 
what may be called a radiation gradient.^^ Energy is radiated 
from the oven itself into the first part of the flue raising this to a 
very high temperature From here the energy is radiated further 
down the flue but since the net radiation is in this direction the 
1 U S Bureau of Mines, Bvll 136, 1917 
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temperatures there must be lower Again the energy is further 
radiated down the flue from wall to wall 

It will of course be realized that the readings of these pyrom- 
eters do not represent the gas temperature at the point in question 
(see pp 166 to 167) However, they would be very close to the 
temperature of the flue walls but not identical, since the pyrometer 
tip sees both the oven and the boiler more directly than the 
walls and because the gas velocity in the centei of the flue is 



Dist from Grate ( ft.) 

Fig 41 — ^Plot Showing Radiation Gradient in Furnace Flue 

greater than that at the walls The case is obviously a compli- 
cated one but the data illustrate very clearly the mechanism of 
heat transfer by radiation from a hot body along a passage at a 
somewhat lower temperature to a colder body 

No definite equation can be given to cover such cases, each 
should be considered separately, or solved by malang suitable 
approximations. 

C Radiation between Solids and Gases 

As already stated, the radiation capacity of gases is small 
compared to that of solids Furthermore, gaseous radiation 
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IS in the form of bands of limited width, the wave length of the 
bands being characteristic of the gas in question Consequently, 
radiation interchange between gases and solids is negligible as 
compared with the ladiation between two solids at different 
temperatures, if the gases are at approximately the same temper- 
ature as the solids If, however, exceedingly hot gases are in sight 
of relatively cold solids, the heat transferred from the gases to the 
solids by radiation may be large compared to that by conduction 
and convection When K is high, gaseous radiation is usually 
small in comparison with that transfeired by convection ' 

D Radiation Eekors in Pyrometby 

An ordinary mercury thermometer or a thermocouple is often 
used to measure the temperature of a gas when the temperature 
of the surroundings is different from that of the gas Under 
such conditions the thermometer will indicate an apparent gas 
temperature somewhere between that of the gas and the sur- 
roundings if the gas be the hotter, the thermometer reading will 
be too low, and if the wall be the hotter, the reading will be too 
high The factors which tend to develop a large error are large 
difference between the true temperature of gas and surroundings, 
high temperature of either the thermometer or the surroundings, 
and low gas velocity 

The mechanism by which the error is developed may be 
illustrated by considering a thermocouple inserted in the gas 
stream passing through a duct, the walls of which are hotter than 
the gas, under conditions such that the true temperatures of the 
walls and gas remain constant. The walls radiate heat to the 
couple, which tends to raise its temperature, but the couple loses 
heat to the gas stream by conduction through the gas film on the 
couple and thence by convection to the main body of the gas 
These two opposmg factors soon counterbalance, thereby estab- 
lishing a constant readmg on the couple Under this condition 
of dynamic equihbrium the rate of heat flow by radiation must 
be exactly equal to that by conduction and convection, as other- 
wise the temperature of the couple would change The method 
of calculation is simple, the observations required are the tenv 
peratures of the wall and thermocouple and the gas velocity , the 

‘ See however, Schack, Ze/it f Tech Phys , 6 (1924), 266 See also iff eeft 
Eng , 48, No 10 (October, 1926), 1047, Hottbl, Ind Eng Chem , Vol 19, 
No 8 (Aug , 1927), 888 
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latter being required in the calculation of the coefficient (ho) 
between gas and couple The auxiliary data necessary are rela- 
tive blackness (p) of couple and an equation from which ho may 
be calculated Unfortunately, data concerning the values of 7; 
for glass thermometers are meager, and hence exact calculations 
are impossible None the less, estimation of the error is often 
worth while, as it may be as high as several hundred degrees in 
some cases For the ordinary glass and mercury thermometers, 
a value of p of 0 60 is suggested, while for thermocouples, covered 
with a film of oxide, the value of 0 90 is recommended For 
estimation of the use of Eq (37) is suggested for air or flue 
gas 

Illustration 11. — The temperature of the an at a certain point in a blast 
furnace stove is measured as follows 

A thermocouple is inserted into the flue space, and reads 650° C , the 
neighboring bricks are found by an optical pyrometer to be 700° C The 
air enters the base of the above at 70° F , with a velocity of 4 ft per sec 
The outside diameter of the thermocouple well is i m 

What IS the true air temperature at the point in question 
As soon as constant conditions have been established the net radiation 
gamed by the couple from the hotter walls just equals the heat lost by con- 
vection by the couple to the cooler air Calhng the true air temperature 
t° C , the couple 90 per cent black body (due to its oxide coating), one obtains 
by equating (44) and (26), 

Qn/Ae = (0 9)0 172[(17 5)4-(16 6)4]=;ig(1 8) (650-0 
ha IS obtained by Eq (37). For this equation, 

(492) (29) 

^""(4) 753 by( 35'^""0 3 lbs per sec per sq ft 

so that /ig = 6 4 Whence the true gas temperature at this point (t) =410° 
C , which IS quite different from the apparent temperature of 650° C 

E . Simplified Radiation Equation First Power op Tem- 
perature Difference 

When a hot body, small m size compared to its surroundings, 
is exposed to a cooler gas, it loses heat not only by conduction 
through and convection from the gas film on its surface, but also 
by radiation to the surroundings m accordance with Eq, (44). 
The total heat loss can, therefore, be obtained by adding Eqs (26) 
and (44). 

(iLyjh) 

Vioo/ \ioo/ 


^^=ho{At)+pi0.172 


. (45) 
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However, this is a case of parallel flow, and it would be most con- 
venient to calculate the heat loss by the equation 

QJAe={K+K)^t, (46) 

where Ai is the °F temperature difference between the surface 
of the hot body and the walls of the enclosed space, and hr is the 



Fig 42 — Radiation Coefficient {hr) from a Relatively Small Black Body 
to a Room When the room is at 70° F the upper curve applies, at 0° F , 
the lower 

radiation coefficient for Eq (46) This may be calculated by 
assuming that over a definite temperature range the actual fourth 
power equation may, as an approximation, be represented as pro- 
portional to the temperature difference. This simplification is 
merely a method of convenience. 

Qn/AO (by radiation only) =pic[(Ti/100)^ — (72/100)^] ==/ir(A0, 
which when solved for hr gives 
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Figure 42 shows how K foi a black body, small in size compared 
to the walls, increases with the temperature of the black body, 
when the walls of the enclosed space are 70° or 0° F For a body 
having a relative coefficient of blackness, p, K for such a body is 
p times that shown in the plot 

F . Coefficient of Surface Loss by Radiation and Con- 
vection ijlc + hr ) 

Figure 43 shows values of this joint coefficient for bare pipes 
exposed to a room at 70° F. This coefficient increases with, but 



0 luo 200 300 4.00 500 600 

AT = Temp. Diff 


Fig 43 — Coefficient of Heat Transfer by Radiation Plus Convection (/ic+^?r) 
from Bare Pipes to a Room at 70° F 

Data for 5" pipe from McMillan, Trans A S M B 37, (1915) Data from 8", and 
16" pipe from Paulding, Steam in Covered and Bare Pipes,” Van Nostrand, New York 


not in direct proportion to, the difference in temperature between 
the surface of the pipe and that of the room By the use of semi- 
logarithmic paper, the data fall on straight lines, as shown in 
Fig. 43, making extrapolation reasonably safe. Although these 
data were determined for bare pipes, which are probably 90 per 
cent black because of oxide coating, they may be used as an 
approximation for lagged pipes, where p is again about 0.90 


Illustration 12. — Estimate the heat loss per 24 hrs from 100 Imear feet of 
standard 1-m steel steam pipe at 370° F to a room at 70° F 
Solution. — ^As shown by Fig 43, hc+hr equals 4 0 By Eq (46) 




(24) (4 0) (1 315) (3 14) (lOb) (370-70) 


= 990,000 B t u 


12 
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Since the effect of diametci on the joint coefficient is not marked, 
additional lines may be diawn foi othei diameteis which will be 
sufficiently precise foi approximate work 

Illustration 13 —Calculate the temperature drop from steam to outer 
pipe surface in the preceding example 

Solution — Basis 1 sq ft outer pipe surface 

By Eq (46), -- = (4 0) (370 - 70) = 1200 B t u per hr per sq ft 
Ad 

This same heat flows through the condensing steam film inside and then 
through the tube wall 

Q Temperatur e steam— Temperature outer wall 

1 u 

ih) (Aiyih) (A,) 

Now, hi for the steam film is 2000, Ai is 1 05/1 315(1) =0 799 sq ft , the 
wall thickness is 0 133 in , k=25 0, and the average area (A 2 ) is 

0 5(1 315 + 1 05)/l 315=0 902 sq ft 
whence the temperature drop from steam to outer pipe is 1 3° F 

In the preceding problem the steam was therefore at 371^ F 
and only 1® of the 301® F total drop was due to the combined 
resistances of condensing steam film and metal wall In other 
cases, such as in a surface condenser for steam, the other senes 
resistances are less in comparison to that of the steam film and a 
much greater temperature drop is found through the steam film 
than m the preceding example. 

(?. Principles Utilized in Radiation Pyrometry 

At very high temperatures the radiation from all bodies is 
approximately black, while the radiation from a body m an en- 
tirely closed space, the whole system being at the temperatuie to 
be measured, is quantitatively black An opening in the sur- 
rounding space, provided it be small, does not appreciably affect 
the radiation This makes it possible to realize so completely 
black body radiation in the measurement of high temperatures 
that the energy emitted can be used as a quantitative measure 
of the temperature. The total radiation can be determined with a 
bolometer, or, what is more convenient, the amount of energy 
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emitted of some definite wave length chosen from the visible 
spectrum may be measured by photometric means as m the Wanner 
pyrometer 

It is also possible to match the color of the light emitted with 
that of a lamp filament, determining its temperatuie from the cur- 
rent consumption This color lapidly whitens at higher tempera- 
tures due to great preponderance of the blue Many other 
methods are available which have not hitherto been reduced to 
practical application, e g , the determination of the wave length 
of greatest energy, this wave length decreasing rapidly with rise 
in temperature 


PART IV. LOGARITHMIC MEAN TEMPERATURE DIFFERENCE 


Case I Where the temperature difference between the two bodies 
to and from wh ch heat is flowing varies with the time. 


When heat is flowing from one body to another through a 
resistance, the amount of heat transferred is proportional to the 
temperature difference, le , Q/d=At/R When the temperature 
difference between the two bodies to and from which heat is flow- 
ing varies with the time, the true mean temperature difference 
for the duration of time in question is given by the expression 


(A0av = 


Ati-At2 

2 


(52) 


where A^i is the temperature difference at the start, and At 2 is the 
temperature difference at the end of the time In the derivation 
of this equation, which is given on pages 185 to 187 the following 
assumptions are made. 

1 At any particular instant every part of the two bodies from 
and to which heat is flowing is at a uniform temperature. Such 
conditions are found only in metals and fluids In metals, the 
conductivity is so high compared to that of the boundary that the 
temperature of all parts of the metal at any time is practically the 
same In a fluid, although the conductivity is very low, the uni- 
form temperature at any point is quickly brought about by 
convection currents 

2 The specific heat of each body is constant throughout the 
temperature range under consideration 
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3 The resistance to the flow of heat is constant throughout 
the operation 

4 The heat capacity of the boundary is negligible in com- 
parison to the heat capacities of the bodies to and from which 
heat is flowing 

While all of these assumptions are not rigidly true in the cases 
met in practice, especially the third, yet this log mean equation is 
a good appioximation for mean temperature difference for all 
cases of intermittent heating and cooling For example, in quench- 
ing steel billets in oil, the temperature difference between steel and 
oil is high at the stait and considerably less at the end Or, where 
cold liquor in an intermittent ^ preheater is being warmed by 
steam in closed coils similar initial and final conditions exist 

Case II Where the temperature difference vanes at different points 
in the apparatus 

This log mean equation also gives the true average tempera- 
ture difference for the case where the temperature difference is 
constant with respect to time, but varies with space (See Figs 
44 and 45 ) That is, the temperature difference is at all times 
constant at any particular point in the system, but varies with 
respect to the location of the section chosen In other words, 
if the temperature difference between two bodies flowing con- 
tinuously through a system be called A^i at one end of the system 
and Afe at the oth r end, then the true mean temperature differ- 
ence at all tim ^s for the entire system is as before 


(A^av) — 


A^i — A^2 


(52) 


The limitations for this case are similar to those for Case I 

1. At any particular cross-section of the apparatus, taken 
perpendicular to the direction in which the bodies are flowing, the 
temperature difference must remain constant, although it varies 
with the point chosen. 

1 A preheater to which no liquor is added or removed is called an 
intermittent^^ one in contra-distmction to the “continuous” type, where 
the liquor is fed in and removed continuously 
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2 The specific heat of each body must be constant throughout 
the tempeiature change which it undeigoes 

3 The lesistance to heat flow at each point m the apparatus 
must be the same as at every other point (In this case heat 
capacity is not a factor, the heat content at each point m the 
boundary remaining constant ) 



Length of Apparatus Len^tli of Apparatus 

Fig 44 — Logarithmic Mean Temperature Difference 
A Preheater or Condenser B Cooling of One Fluid by Evapora- 

tion of Other Fluid 



Length of Apparatus Length of Apparatus 

Fig 45 — Logarithmic Mean Temperature Difference A Parallel-flow Heat 
Interchanger, B Counter-flow Heat Interchanger 


The derivation for the equation m this case is similar to the 
derivation for the case where the tempeiature difference changes 
with the time 

As in the preceding case, all assumptions are not rigidly 
accurate, but this logarithmic expression for the mean tempera- 
ture difference between two bodies m a continuous apparatus is a 
good approximation and has a wide apphcation in problems of 
heat transfer. 
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For example; consider an appaiatus wheie hot oil is being 
cooled from 150 to 25 C by means of watei which flows counter- 
currently by entering at 20 and leaving at 70° C The tempera- 
ture differences are 80 and 5° C at the ends of the apparatus, 
so that, by Eq (52), 

(A0av = — ^. = 27rc 

2 3%io~ 


The ordinary arithmetic mean gives 42.5° C., which is 57 per cent 
highei than the more nearly correct value of 27 1° C 

At IS the temperature difference at some point in a continuous 
apparatus, or at some time in a discontinuous apparatus, the true 
mean difference will not be obtained if the difference of the logar- 
ithmic mean temperatures is taken For example, in the preceding 
illustration, the respective logarithmic mean temperatures of the 
oil and water are 69 9° and 39 9° C , and the diffeience is 30° C 

The log mean temperature difference with the above limita- 
tions IS ordinarily used for the following types of commercial 
equipment coolers or heaters for gases and liquids, furnace 
regenerators and recuperators, kilns heated by hot gas, boiler 
feed-water heaters, heat interchangers, economizers, condensers, 
driers, humidifiers, the cooling and heating of intermittent 
furnaces, etc. 

It will be noted that the logarithmic mean temperature differ- 
ence is always less than the arithmetic mean 


Afav — 


Afi+Afa 

2 


. (52a) 


By substitution in Eq (52) it is found that when the ratio of the 
temperature differences is less than two, the arithmetic mean 
value IS only 4 per cent higher than the logarithmic value As 
this accuracy is sufficient for most engineering problems m heat 
flow, the arithmetic mean may be used when the ratio of the tem- 
perature differences is not greater than 2, even though the 
logarithmic mean theoretically applies. 
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PART V. SUMMARY OF EQUATIONS, TABLES OF DATA, 
NOMENCLATURE, AND CONVERSION FACTORS 

The following summary is given for use in the solution of 
problems The equations given herein include the more impor- 
tant of those already given A table of symbols with the corre- 
sponding values in the English and c g s systems is also given, 
and this is followed by a summary of the more important data, 
and suitable conversion factors 

Summary of More Important Equations 

Heat transfer from one fluid through a solid retaining wall or 
tube, to another fluid 

Q_ At _At 

e 1 L 2 1 R 

hiAi /U2A2 h< 2 ^A^ 

The following illustrations of applications of this equation have 
been given. 


From 

Through 

To 

Page 

Moving liqmd 

Metal 

Moving hqmd 

143 

Condensing steam 

Metal 

Boiling liquid 

145 

Moving gas 

Metal 

Moving water 

149 

Condensing steam 

Metal 

Moving air 

153 

Condensing vapor 

’ Metal 

Moving water 

157 


Heat transfer from one fluid through several insulating walls 
to another fluid 


Q_ M 

6 ^ -I- -J_ -L -f- ^ ^ 

hi A I hiA^. hzAz k4,A^ 


(27a) 


Equations for area of heating surface: 

For flat walls, A =Ai = A 2 

For walls of circular section, where the outer diameter is not 
more than twice the inner, 

A _ (^i4-A2) 

A 2 


, . (10a) 
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For walls of circular section, wheie the outer diameter is more 
than twice the inner, 


A = 


A2—A1 

2Zlogio{^^ 


. ( 10 ) 


For rectangulai bodies, where the walls are more than twice 
as thick as the shoitest inside dimension, the equations developed 
by Langmuir should be used, see pages 129 to 131 
Equations for temperatw^e difference 
Wheie At varies, but Ati is not greater than twice Afe; 


Ati-\-At2 

2 


(52a) 


Where At varies, and A^i is greater than twice Afe, 

Ati-At2 


. (52) 


A list ot cases where this equation may apply is found on p 174 
Heat flow by radiation only, where the body is large compared to 
the surroundings, 


On 

d 


cA 


\ioo) \m) 


Pi V2 


(43) 


Heat flow by radiation only, where the body is small compared to 
the surroundings, 

^=p,cAm/my-{T2/iQm (44) 


For application, see examples on p. 163 

When the temperature of the radiating surface is below 700° F , 
the radiation loss is figured more conveniently by the simplified 
methods given on pp 167 to 170 

Total heat flow {including radiation) for any case 
According to conditions, this is given by one of the following 
combinations* (27) plus Q/6 calculated from either (43) or (44). 
For application, see pp 163 to 170. 
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Summary of More Important Data 

All the data given in this table are in English units as defined 
in the Nomenclature Table, page 178 

Conduction through a solid of known thickness (See Table I, 
pages 181 and 183 ) 


Solids to Gases 


From solid surface to ‘‘still airf’ natural convection 
From vertical walls to a room at 70^^ F , 


ho = 0 


(AQ 

■(375) 


for values of At from 10 to 500^^ F 


(34) 


For convection upwards from horizontal walls, increase (34) 
by 10 per cent 

For convection downwards from horizontal walls, decrease 
(34) by 50 per cent 

For gases flowing in turbulent motion inside pipes or in annular 
spaces 


ha = 


0 22Cp!r/%o 8 

DO 2 


( 35)1 


For air flowing in turbulent motion ai righi angles to single 
pipes 


0 

2 ) 0"53 


( 37)2 


where n — D 60+0 08 logioD Data for staggered pipes are given 
on page 152. 


Solids to Liquids — Liquids not Boiling 

For natural circulation (important variables: temperature 
difference, viscosity, thermal conductivity of liquid, shape of 
vessel, and condition of heating surface) 

^ Equation 35 is based on data for air, carbon dioxide, and illuminating 
gas for the following conditions v from 0 2 to 30 lb per second per square 
foot of free area, D from 0 3 to 4 m , Tf from 630 to 1650° R See pp 148 
and 140-142 

2 Equation 37 is based on data for air for the following conditions 
V from 0 04 to 11, D from 0 001 to 2, and Tf from 505 to 1410 
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O O 


e a 

CJ o 


o o 

(D CD 
CQ CQ 


a a 

o o 


o 

o 

S m CZ3 
f-i 

o ^ ^ 

o’ a a 

“ a « 

o 'S 

^ a o 


o s a 
° oo 


^ O 

§ g 




^ S 


^ CQ ^ 

o’ ^ flj t=H 

02 ^ ^ hH 


cr 

TO “ 


O’ "o 
"> a; 


w c; 
p=H 


3 

S -3 


O W W 


1 ^ ^ -M 

W pq « 


o 








Nomenclature, continued 
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■§ o § d 


i S gfe § 

w 


M Pw o 

O M 
CQ ^ 

3 


1 § -S ' , 

■§ §. 

'g 2 * 

111 : 

I “Is 

fS c&^ fj I 


c3 CD 
■+5 o 

^ II ® 

■ |i| § 

^ Cn 73 ^ 


■+^ -t? -tS 
P P fl P 

o <D CD <D 
f_, |U, ^ F-( 

(D <D a; ,CD 

sta £w sg stt 
P P P P 


00 <*d Q> < 




^ Taken always at right angles to the direction in which the heat is flowing 
^ This may be expressed as B t u /lb /°F or gm cal /gm /°C 
^ Always taken parallel to the direction in which heat is flowing 
*°F abs =®F +460, ®C abs =®C +273. 
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For water A - 50 to 300, see also Eq (30), p 139 

For more viscous liquids A == 10 to 50. 

For forced circulation of liquids above critical velocity, see 
pages 139 to 144 for data and discussion. 

Solid to Liquid — Liquid Boiling 

Few direct measurements have been made for such films, 
from the available data {H = 180 to 900) on the overall coefficient 
from condensing steam through a metal wall to a boiling liquid, 
it IS estimated that the individual coefficient of the liquid film 
between the solid and the boiling liquid varies from 200 to 4000 
depending on 

(а) the temperature difference between metal and liquid, 

(б) the arrangement of heating surface, 

(c) the condition of the heating surface, i e , whether covered 
vith crystals, scale, etc , 

(d) viscosity and density of the boiling liquid, and 

(e) whether or not the liquid is stirred, or circulated by means 
of a pump 

For data on enameled apparatus, heated by steam or by hot 
oil, see p. 146. 

Condensing Vapor to Solid 

Data for steam only are available The coefficient for a con- 
densing steam film varies from 3000 to 10 as the percentage of 
non-condensable gas m the steam increases from zero to 100 per 
cent For steam containing little air, as in good engineering 
practice, Ay = 2000. For other vapors, as an approximation, Ay = 
2200 KJ. 

Thermal Conductivities of Liquids^ 

In 1893 H F. Weber^ derived a relation for correlating the 
specific thermal conductivities h of liquids with specific heat c, 
specific gravity s, and molecular weight ikf, giving A = 0 86 
cs^s/M. Thus the value of k for water predicted from this 
equation is A = 0 86 (1) (1) 1/18 = 0 33, which checks well with 

the value of 0 35 given by Bridgman for 86"^ F. (see Table 1, p 
182). As the temperature was increased from 86 to 167° F , 
Bridgman found that for 11 different liquids k decreased slightly 
but k for water increased 7 per cent. 

^ McAdams and Frost, J Ind Eng Chem , 14 (1922), 16. 

2 Wted Ann , 48 (1893), 173 
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TABLE I 


Coefficient op Heat Conductivity of Solids * 

A: = (B t u )(ft. thickness) /(hr )(sq ft )(deg F ) 

(a) Metals 

Material 

Experimental 
Temperature 
Range °F 

k 

Reference 

Number 

Aluminum 

32-212 

85 

1 

Brass, yellow 

32-212 

55 

1 

Copper, pure 

at 68 

238 

1 

Iron 




Pure 

at 76 

37 

1 

Wrought 

32-527 

40 

1 

Cast, 3 5 per cent C 

at 86 

36 

1 

Lead 

at 59 

20 

1 

Nickel 

68-392 

32 

1 

Platinum 

64-212 

41 

1 

Silver 

at 64 

243 

1 

Steel 

at 82 

25 § 


Tin 

at 32 

35 

1 

Zmc 

at 64 

64 

1 

(b) Non-Metals 

Asbestos 

100-1000 

0 12 

2 

Brick 




Carborundum 

at 1800 

5 6 

2 

Building 

at 1800 

0 8 

2 

Kieselguhr 

at 1800 

0 4 

2 

SihO-Cel 

at 1800 

0 03 

2 

Brick and mortar wall 


0 4t 


Portland cement, neat 

at 95 

0 5 

2 

Cork 

122-392 

0 03 

2 

Electrode carbon 

212-1700 

32t 

2 

Glass, flint 

50-59 

0 3 

2 

Infusorial earth (12 5 lbs per cu 




ft) 

at 122 

0 05 

2 

* The presence of impurities, especially 

in the metals, may cause variation in the coeffi* 


cient of conductivity of almost 100 per cent 
t Average of results from several sources 

i The coefficient of conductivity of this material is given as only 10 per cent of this value 


by other experimenters 

§ This is the lowest value usually quoted 

1 “Landolt-Bornstem Tabellen,” 1905 Ed 

2 Gael Herinq, Met and Chem Eng , 9 , 652 (1911). 
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TABLE I — Continued 


Material 

Experimental 
Temperature 
Range °F 

k 

Reference 

Number 

Leather 

72-97 

0 1 

1 

Mineral wool 

70-350 

0 03 

2 

Magnesia 

68-310 

0 04 

2 

Rubber 

at 220 

0 1 

1 

Sand 

68-310 

0 2 

2 

Wood, pine 




Parallel to fibres 


0 07 

1 

Perpendicular to fibres 


0 02 

1 

1 

(C) 

Gases 




k 


Reference 


At 32° F 

At 212° F 

Number 

Air 

0 0137 

0 0174 

3 

Carbon monoxide 

' 0 0131 


3 

Carbon dioxide 

0 00804 

0 0120 

3 

Oxygen 

0 0138 

0 0180 

3 

Nitrogen 

0 0138 

0 0174 

3 

Hydrogen 

0 092 

0 123 

1 

Methane 

0 0174 


3 

Steam 

0 0095 

0 0129 

4 


1 “Landolt-Bornstein Tabellen,” 1905 Ed 

2 CiRL Hbrinq, Met and Chem Eng , 9, 652 (1911) 

’ Smithsonian Tables, p 217, 1920 Ed , Smithsonian Inst , Washington, D C 
4 Marks’ Mechanical Engineers’ Handbook, p 306, 1916 Ed , McGraw-Hill Book Com- 
pany, Inc , New York 


(d)® Liquids 



k 

At 86° F 

At 167° F 

Reference 

Number 

Normal pentane 

0 078 

0 074 

5 

Kerosene 

0 086 

0 081 

5 

Petroleum ether 

0 075 

0 073 

5 

Methanol 

0 122 

0 119 

5 

Ethanol 

0 104 

0 100 

5 

Isopropanol 

0 089 

0 088 

5 

Normal butanol 

0 097 

0 094 

5 

Iso-amyl alcohol 

0 086 

0 084 

5 

Ethyl-ether 

0 079 

0 075 

5 

Acetone 

0 103 

0 097 

5 

Carbon bisulfide 

0 092 

0 087 

5 

Water 

0 347 

0 372 

5 


6Brip^}Man, Prpo, dm, dwd, Eqi , 69, No. 7 (December, 1923), 141, 
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DEGREES FAHRENHEIT 

Fig 45 a — Thermal Conductivity of Bricks vs Temperature {Norton) ^ 


Curve 

Material 

Per Cent 
Porosity 

I 

Missouri fire brick 

18 4 

I 

Pennsylvania fire brick 

26 7 

11 

Kaolin brick 

10 8 

III 

Kaolin brick 

23 2 

IV 

Kaolin brick 

49 1 

V 

Silica brick 

30 4 

VI 

Magnesite brick 

31 6 

VII 

Fused alumina brick 

21 3 

VIII 

Concrete wall (12 4 mixture) 



1 F H Norton, Jour Am Cer Soc , 10 , No 1 (January, 1922), 30 This article also 
gives data for other refractories Courtesy Am Cer Soc 
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TABLE III 

Relative Radiating Powee op Solids Below 1600° C 
Ideal Black Body.. 10 


(a) Metals 



Average 

Value 

(=p) 

Reference 

Number 

Iron, cast and bright 

0 22 

1 

Iron, oxidized 

0 62 

1 

Iron, or steel, polished 

0 20 

2 

Iron, or steel, highly oxidized 

0 90* 


Copper, polished 

0 10* 


Copper, calonzed 

0 26 

1 

Copper, oxidized 

0 72 

1 

Alummum pamt 

0 60 

1 

Gold enamel 

0 37 

1 

Monel Metal 

0 43 

1 

Silver 

0 03 

1 

Gold, polished 

0 05* 


Brass, bright 

0 07* 


Brass, dull 

0 23 

2 

Zmc, bright . 

0 10* 


Zmc, dull 

0 22 


Tin, polished 

0 10* 


Nickel 

0 35* 


Mercury . 

0 23* 


Platmum 

0 24* 



^ Langmitih, Trans Am Electrochem Soc , 23 (1913) 

2 Wamslbr, Mittellungen Uber Forschungsarbeiten, Heft 98 (1911) 
* Average of values given by various authorities 


(b) Non-metals 

The relative radiatmg powers of most inorganic compounds (oxides, salts, 
etc ) and organic compounds are not accurately known The majority may 
be assumed as 90 per cent black, ze j p=0 90 

Note — A suitable factor of safety must be introduced to offset the uncer- 
tainty in these values 

Conversion Factors for Coefficients 

It will be noted that all data for coefficients given in this 
chapter have been expressed in “English” units, defined as 
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B t u /hr /sq ft /°F /ft thickness for the coefficients of thermal 
conductivity (fc) through solid, ^ and B t u /hr /sq ft /°F for 
surface or the “surface coefficient (hy 

If the coefficient of conductivity (k) is expressed megs 
units, defined as gm cal /sec /sq cm /°C /cm thickness, this 
c g s value must be multiplied by 242 to convert it to the above 
English system 

Likewise, a “surface” or “surface film” coefficient expressed 
megs units, defined as gm cal /sec /sq cm /®C must be mul- 
tiplied by 7370 to convert it to the above English system 

The radiation coefficients m both these systems have been 
given on p 162 


Benvation of Equation for Logarithmic Mean Temperature Difference 


Assume a system where heat is flowing from one body at a 
temperature T into another body at a temperature t, and where 
there is no heat interchange with the surroundings For the sake 
of definiteness, consider a hot piece of steel immersed in oil, the 
walls of the oil container being so well insulated that the loss of 
heat to the surroundings is negligible Let the steel have a 
weight W and a constant specific heat C At the start when the 
time 6 IS zero, the temperature of the steel is Ti, and when the 
time has any value B its temperature is T, The heat lost by 
the steel up to the time B is therefore, WC{Ti — T) If the oil has 
a specific heat of c, a weight w and is warmed from ti to t m the 
time B, the heat gamed by the oil is wc{t — ty Since there is no 
heat lost to the surroundings, the heat lost by the steel equals 
the heat gained by the oil 


Q = WC{T^-T)=wc{i-ti), 
or 

, wc(ti-t) 

^ WC 


(a) 

(b) 


By Newton^s law, the heat transferred is proportional to the 
area, temperature difference and the time 

dQ = HA(T—t)d6 = wcdt, . (c)^ 

where H equals the overall coefficient of heat transfer from steel 


^ Also through stationary fluids where the thickness is taken into account 

2 H, the overall value, is also expressed in these units 

3 The derivation neglects the temperature drop through the steel and 
the mam body of the oil. 
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to Oil, and A is the area of the surface of the steel Substituting 
ID (c) the values of T found m (6), and rearranging 



Integrating (d) between the limits 0 and d corresponding to 
ti and h 



Rearranging (e) 


Calling (A^av the true mean temperature which will give the 
correct heat flow, 


Q={H) (A) (e) (A{)„=wcit 2 -ti), . . . .(g), 
or 

(t 2 -ti)/(AtU=HAe/wc (h) 

Equating the total heat lost by the steel to that gamed by the oil 
up to the time 6, 

WC{Ti-T2)^wc(t2-h), ^ W 

or 

wc/WC=(Ti-T2)/(k-k) ... 0 ) 


Substituting (h) and (j) in (/) 
^ = 




Ti—tiA 


Ti-h 

(Ti — Tj) (fi— ia) 

(h-U) 


(Ti-ii)-(T2-h) _ A«i-A<2 


1 2 H 


2 3 loffi 


(k) 

(l) 
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BASIC EQUATION FOR CONDUCTION THROUGH 
A HOMOGENEOUS BODY 

In the preceding pages all problems considered fall under one 
of two special cases (a) where the temperature varies only with 
the location of the point, and (6) where the temperature is a 
function of time alone 

Wherever the temperature gradient varies with both time and 
the location of the point, one must resort to the general basic 
differential equation for the conduction of heat through a homo- 
geneous body 

ds pC\dx^'^dy"- dzV 

Here y, and z are the three axes at light angles to each other, 
p IS the density in lbs per cu ft , C is the specific heat, and <9, 
and h are as previously defined, namely, degrees Fahr , hours, 
and B t u per ft per degree Fahr per hour The ratio ft/pC, 
whose numerical value depends on the physical properties of the 
body, IS called the ^ thermal diffusivity For convemence in 
integration, this ratio is often called 

For certain definite shapes and boundary conditions, this 
equation may be integrated, although the resulting equations are 
complicated However, by arranging the variables of the in- 
tegrated equations in dimensionless groups, and by plotting the 
functions, one obtains curves which may easily be used for the 
solution of practical problems For example, Gurney and Lurie ^ 
have published such curves applicable to the batch warming and 
cooling of spheres, cylinders, slabs, etc , together with illustrative 
problems The use of these curves involves the numerical values 
of ‘^surface emissivity,” or hc+hr^ such as given on pp 168-169 
1 Ind Eng Chem , Vol 15, No 11, p 1170 (Nov , 1923) 



CHAPTER V 
FUELS AND POWER 

The commercially important sources of energy are fuels and 
water power^ the commercially important forms of energy are 
heat, mechamcal energy, and electrical energy. The energy 
content of fuels is always fiist transformed into heat energy which 
may be utihzed directly, or transformed into mechanical energy 
by the use of either the steam engine or the internal combustion 
engine. The mechamcal energy may again be transformed into 
electrical energy and then finally into either chemical energy or 
heat. The utilization of water power is always carried out 
through the production of mechanical energy which may then 
be transformed into electrical or heat energy if desired 

FUELS 

The basis of the commercially important fuels is caibon and 
its compounds with hydrogen They are classified, first into 
primary or natural fuels, such as wood, ligmte, coal, ciude petro- 
leum and natural gas, and second, into secondary or prepared 
fuels, such as charcoal, coke, fuel oil, water gas and producer gas 
A second classification frequently met, although of minor impor- 
tance, is based upon whether the fuel considered be solid, liquid or 
gaseous. The natural fuels have similar origin and represent 
progressive stages of the transformation which vegetable matter 
slowly undergoes when protected from complete oxidation 

Upon ultimate analysis these fuels are found to contain car- 
bon, hydrogen, sulphur, nitrogen, oxygen, and ash, the mineral 
constituents (other than sulphur) being grouped together under 
the last head. It is not definitely known how these elements are 
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combined, but it is convenient for purposes of calculation to 
arrange the analytical results as follows 

1 Moisture (loss m weight at 100"^ C ), 

2 Combined water, 

3 Carbon, 

4 Free hydrogen (other than that m moisture and combined 
water), 

5 Sulphur, nitrogen, etc , m small amounts, 

6. Ash. 

In fuel calculations the sulphur and nitrogen are often 
neglected, though usually present in amounts from 1 to 3 pei 
cent Since the hydrogen content is always in excess of that 
necessary to form water with the oxygen, it is often assumed foi 
purposes of calculation and comparison that aU the oxygen is m 
the form of water of chemical combination, and the excess of 
hydrogen may be termed “ fiee or net ” hydrogen. The carbon 
content of coals increases and the percentage of oxygen (or com- 
bined water) decreases in the followmg order* lignites, brown, sub 
bituminous, bitummous, and anthracite coals. 

The usual approximate method of expressing the composition 
of a fuel is to assume it to consist of moisture, combustible matter 
and ash Upon igmtion in the absence of air under specified con- 
ditions of time and temperature (covered platinum crucible) the 
fuels lose aU of the combined water and hydrogen and a large 
proportion of carbon m the form of volatile hydrocarbons, leaving 
the ash and the residual carbon. This loss upon igmtion is called 
volatile combustible matter The combustible left after this 
igmtion is called fixed carbon The ash is the residue left 
from the complete combustion of the sample in the open air, the 
sum of moisture, volatile combustible matter, fixed carbon and 
ash being 100 per cent The coals mentioned above decrease 
in content of volatile combustible matter in the order named 

The ultimate analysis of coal is difficult and is often omitted 
Bureau of Mines Bulletin No. 29 contains the analyses of coals 
from practically aU American fields of importance. Where the 
origin of the coal in question is known, it is usually safe to assume 
the ultimate analysis of its combmhble matter identical with that 
given for the same field. The same bulletin shows that the heat- 
ing value of a coal is within narrow hmits a function of the ratio 
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of its carbon content to oxygen plus ash The curve given m that 
bulletin can be satisfactoiily represented by the following equation, 


B t u = 16,750- 


17,230 
V+0 98’ 


or 


17,230 

16,750-B t u 


-0 98 


r IS the ratio of carbon to oxygen plus ash The equation may be 
applied to a coal on either a wet or dry basis and is often useful m 
estimating the carbon content of a coal 

Comparison of the Commercial Sources of Mechanical 
Energy, — The commercially important primary sources of mechan- 
ical energy are water power, and solid, liquid, and gaseous fuels 
The two latter are capable of direct utilization for the production 
of mechanical energy in internal combustion engines with an 
energy efficiency as high as 20 or 25 per cent On the other hand, 
the price of liquid and gaseous fuels is excessive except in certain 
localities, and their use foi industrial work is usually restricted 
on this account Furthermore internal combustion engines have 
certain disadvantages which will he pointed out on page 192 
As a result relatively small amounts of commercial power are 
developed fiom primary liquid and gaseous fuels 

The major commercial sources of mechamcal energy are there- 
fore water power and solid fuels The energy of the latter can be 
obtained m mechanical form either by the use of the steam 
engine or the internal combustion engine^ and a comparison of 
water power with the two latter is therefore essential 

The energy utilized by harnessing water costs nothing directly, 
and it is therefore frequently assumed that water power must in 
consequence be cheap As a matter of fact, while water power is the 
source of the cheapest mechanical energy known, the conditions 
where such cheap energy is available from water are relatively 
rare and very frequently water power fails to compete with fuel 
power. Water power is cheap where a large storage supply is 
available, msurmg constancy of flow throughout the year, where 
the mechanical development can be made at small expense by the 
construction of a relatively small dam with short transportation 
of the water to the wheels, where the expense of costly water 
rights is not involved, and where effective industrial utilization 
of the power is possible at the point of generation. 
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If constancy of flow throug;hout the year is not assured, it is 
necessary to shut down the industrial plants depending upon this 
power when water is low or else to piovide a fuel plant capable 
of handling the load This involves an investment for a fuel plant 
which will he idle a large fraction of the year The mechamcal 
development of a water power is often very expensive where proper 
foundations are not available and large dams and expensive pen- 
stocks are required Most especially is it true that watei rights 
are likely to tie up very large amounts of capital and fi.nally 
while modern high-tension distribution is relatively efficient 
fiom an energy point of view, it is none the less expensive in money 
cost So rarely does a water power meet all of these requirements 
that the cases where water power can compete with fuel are 
surprisingly few. 

Since large scale distribution of power is usually electrical, 
power costs are generally quoted in electrical units The cheapest 
powers known are certain developments in Scandinavia, Iceland, 
and Canada, costing from $3 50 to $5 00 per kilowatt year ^ at 
the generating switchboard Niagara Power probably costs under 
SIO 00, though on account of the demand m the immediate district, 
it cannot be bought for that figure Through the rest of the 
United States $20 00 to $25 00 represents an extremely cheap 
water power, and such figures can be realized only in large instal- 
lations, $40 00 to $60 00 may be taken as normal for powers 
of moderate size, and $75 00 is rarely exceeded ^ 

Where fuel is to be transformed into mechamcal energy a 
choice must be made between the two methods of transformation, 
% e , between the steam engine or turbine and the internal com- 
bustion engine For the use of the latter, solid fuel must be gasi- 
fied by one of the methods given above, almost always by the 
generation of producer gas The steam turbine will under the 
best conditions give a thermal efficiency of over 20 per cent, but 

1 Note that this is a unit of energy. 

2 No commodity sold commercially vanes more m selling price than 
electrical energy It is available in quantity in Norway at less than a twen- 
tieth of a cent a Kw -H It is sold to householders as hghtmg power at 
around ten cents, two hundred tunes as much The sale of it m the form of 
dry cells is an important mdustry and m this form the price is over ten dollars 
per Kw -H. Thus the variation m market price of it is over twenty thousand 
fold The fact of the matter is that the commodity sought is not so much 
energy itself as that factor which the power engineer calls 'Teadmess to serve ” 
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fiom 10 to 15 per cent is very satisfactory. On the othei hand, 
the internal combustion engine will, under the best conditions, 
give a fuel efficiency of over 25 per cent and 20 per cent is not 
infrequently realized This being the case, it would at first seem 
that the steam engine or tuibine cannot possibly compete with 
the gas engine This is, however, by no means true In 
the fiist place, for a given output the investment in a gas 
engine plant is much greater than in a steam engine plant 
In the second place, a gas engine plant possesses very little 
overload capacity, because neither the gas producer nor the gas 
engine can be forced much beyond its normal rating, while 
on the other hand, the steam engine plant both the boiler and 
the engine, is capable of ovei loads even exceeding 200 per 
cent Turthermoie, for moderate overloads the efficiency of 
the steam engine plant does not very greatly decrease. Inas- 
much as a plant must be designed for its maximum load, this 
means that in any plant subject to occasional excessive over- 
loads the investment required for a gas engine plant is very 
much larger than that necessary foi a steam plant Again, 
the wear and tear and consequently the depreciation in a gas 
engine plant is a heavier expense than in a steam engine 
plant Finally, the internal combustion engine is unsuited for 
use as a prime mover for electrical generation on account of the 
speed fluctuations due to the variations in the power impulse. 
While this difficulty can be and has been to no small degree over- 
come, it is none the less a disadvantage under which the gas 
engine plant labors. Against all these disadvantages is the single 
advantage of fuel econom^^, and the result is that the gas engine 
is utilized as a prune mover where fuel is high or load conditions 
unusually uniform, but where fuel is relatively cheap and loads 
fluctuate it IS unable to compete with steam generation In 
exceptional cases, however, where large amounts of cheap gas are 
available, as m the steel industry, gas engines are used extensively. 



CHAPTER VI 


COMBUSTION 

Fuels are substances capable of combining with ox>’'gen with 
evolution of heat, and their utilization for eneigy production 
almost alv-ays involves a reaction with air All combustion 
reactions are therefore gas reactions, and the charactei istics of all 
gas reactions apply to them and control combustion processes 
The major reactions involved are 

1 C+O2 =C02-t-97,000 cal 

2 C02 + C^ =200-39,000 cal 

3 2C+O2 =200+58,000 cal 

4 200 +O2 =2002+136,000 caL 
. 5 2H2 + O2 = 2H2O + 136, 600 cal 

6 HoO+C =C0+H2- 39,300 cal 

7 2H2O+C =C02+2H2- 39,600 cal 

8 CO+H2O =002+H2-300 cal 

The heat quantities quoted apply to the combination of the 
number of gram mols of reacting substances indicated on the left- 
hand side of each equation, at room temperature (20° 0 ), at con- 
stant pressure The symbol H2O indicates liquid water m all 
cases The reaction heats change with the temperature, the 
change being calculable from the specific heats of the reacting 
substances 

The following facts must constantly be kept in mind m regard 
to all combustion processes 

1. Equilibria. All of these reactions are reversible — In the 
case of any reversible reaction which liberates heat, equilibrium 
is displaced backwards by a rise in temperature (Principle of Le 
Chatelier) . The first reaction, it is true, does not reverse directly, 
but CO2 breaks down first into CO and O2 by the reversal of the 
fourth reaction. This dissociation of CO2 is scarcely measurable 
below l^^OO or 1500° C , but above this temperature it increases 
Carbon monoxide decomposes into carbon and oxygen by the 
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reversal of the third reaction, beginning at approximately 2500"" C 
and increasing with the temperature ^ The point at which this 
reaction is gieatly reversed is not, howevei, known The com- 
bination of the reveisal of Reactions 4 and 3 accomplishes the 
1 eversal of Reaction 1 Reaction 2 goes to the right only at high 
tempeiatures, neaily quantitatively above 1000° C , but rapidly 
leversmg below that temperature so that at 500° C it is almost 
quantitatively reversed In other woids, above 1000 C only 
carbon monoxide can exist in appreciable amounts at equilibrium 
m the piesence of carbon, the fraction of carbon dioxide being 
very small, while at low temperatures carbon is incapable of 
reducing caibon dioxide to carbon monoxide except to a slight 
extent Reaction 5 begins to leverse appieciably at about 
1300° C and at 1600° or 1700° the reversal is distinct Neither 
the sixth nor seventh reaction is complete nor can it take place by 
itself alone, but m the presence of water and carbon the COandC02 
produced by both of these reactions interact with the excess car- 
bon according to Reaction 2. Reaction 8 is important in the 
production of secondary gaseous fuels The conclusions of G N 
Lewis and RandalP as to the equihbnum constants of these reac- 
tions as functions of the temperature, based on a critical survey 
of all data in the literature, are shown m Fig 46 These curves 
correspond to equilibrium with carbon m the form of graphite 

1 This stability of CO is one of the important reasons for the value of the 
oxy-acetylene flame Acetylene is very rich in carbon, and, if burned with 
enough oxygen to form CO only, gives reaction products stable up to 2500° C 
Were more oxygen used much more heat would be set free at low teTTi'peratures, 
but above 1500 to 1800° the CO 2 and HgO formed would dissociate, reabsorb- 
ing the heat evolved by their formation, and serve as diluents to keep down 
the reaction temperature While, therefore, the production of CO evolves 
less heat, it is available at a much higher temperature Fortunately, too, 
acetylene has a negative heat of formation from the elements, carbon and 
hydrogen, and upon combustion this is available in addition to the heat of 
formation of CO, thereby increasing the heat effect Furthermore, the 
flame produced under these conditions, consisting mainly of CO and H 2 , is 
strongly reducing in character, so that metals heated with it are protected 
from oxidation This is because the affinity of carbon for oxygen (to form 
CO, though not to form CO 2 ) is so much greater than the affinity of most of 
the metals for oxygen Finally, the affinity of carbon for oxygen is also so 
much greater than that of the metals for carbon, that very little carbon is 
absorbed by the metal from the flame, thus avoiding the brittleness and other 
evils resulting from the formation of metallic carbides 

2 7 Am Chem Soc , 36, 1969-1993 (1914), and 37, 458-470 (1915) 
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Fig 46 — ^Equilibrium Constants, K, of Combustion Reactions, Carbon as 

Graphite 

These constants are in terms of partial pressures, expressed in atmospheres 
They are based on the equations as written on the chart Thus for the reaction, 

C+ J^02=CO, at l/r=0 002, logioiirp==16 e, orJiCp=4 1016, where 
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2. Specific Reaction Rates. The rates at which these^ reac- 
tions proceed are of vital importance, — All gas leactions are 
relatively slow, but some are much more rapid than others Re- 
action 1 is extremely rapid at high temperatuies (above 800° C ); 
reaction 2 is slow and negligible in compaiison with 1 at com- 
bustion temperatuies, though not below 600° C. All thiee of 
these reactions involve an interaction of a gas with solid carbon 
and theiefoie, othei things being equal, the lates are proportional 
to the surface of carbon exposed On the other hand, carbon is 
characteiized by the fact that it changes its condition upon pro- 
longed heating, assuming denser and more compact forms The 
less dense forms of carbon react with gases far more rapidly than 
the moie compact sorts Thus, charcoal and the carbon from 
soft coal react extremely rapidly, whereas coke, especially if burned 
at high temperature, and anthracite coal are relatively very slow. 
This applies to the interaction of all gases with these different 
forms of caibon Reactions 4 and 5 are purely gas reactions, 
but are relatively slow The data indicate that 5 is approxi- 
mately foul times as fast as 4 Reactions 6 and 7 again involve 
interaction of a gas with solid carbon, and the influence of the 
form of carbon upon the rate is similar to that in the first three 
reactions. The bases for these generalizations will appear later 

3. Contact Catalysis . — All gas reactions are greatly increased 
in rate by contact with hot surfaces, z e , hot surfaces act as catalysts 
of gas reactions. It is, of course, well known that specific bodies, 
e,g , platinum, mckel, etc , act as specific catalysts for certain 
reactions, but it is equally true that all hot bodies catalyse 
gas reactions to a marked degree Gas reactions which take 
place very slowly indeed in the interior of a large mass of gas 
proceed much more rapidly on the surface of that mass wheie 
the gas is in contact with the hot walls of the container ^ To 
accelerate gas reactions it is therefore merely necessary to bring 
the reacting gases into contact with hot bodies Thus Reaction 
8 is capable of catalysis by hot carbon independently of inter- 
action with it. 

4. Temperature Effect, Gas reactions, as with all chemical 
reactions, are greatly accelerated by rise in temperaturej and the 
degree of acceleration is nearly the same for all reactions The 

^ This experimental difficulty is the reason for the lack of data on rates of 
gas reactions at high temperatures 
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rate appioximately doubles foi cveiy JO'" C at oidmaiy tempera- 
tures but this late of inciease falls off gieatly at high tempeia- 
tuies Thus at 1000° C. it requires an inciease of roughly 100° 
to double the latc. It is impossible, howevei, to accelerate any 
one chemical reaction by use in temperature without at the same 
tmie accelerating all other reactions which are possible under the 
conditions involved 

5. Interactions of Sohds and Gases —In order foi the com- 
bustion of a solid fuel to proceed at a rate practicable for the 
industrial generation of heat the fuel must be raised to a rela- 
tively high temperature — at the very least 700° to 800° C. 
Before such a temperature is reached the volatile constituents of 
the fuel are almost completely distilled^ out, so that the combus- 
Hon of the solid fuel is that of carbon itself (coke or charcoal) It 
should, however, be noted that the gaseous distillation pioducts 
may burn long befoie combustion of the solid residue starts 
When coal distills as it is being heated to incandescence it 
evolves hydrocaibons which upon further heating themselves 
thermally decompose crack with deposition of extiemely 
finely divided carbon (smoke, soot) This carbon once formed is 
swept away in suspension m the gases to zones m the furnace 
where oxygen concentration is low (and wheie, as wiU appear 
later, it is very desirable to keep it low) and it is consequently 
very difficult to burn Fortunately, however, its formation in the 
first place can be prevented by taking advantage of the observa- 
tion of Bone^ that these hydrocarbons, which are formed at tem- 
peratures below their ignition point, if heated mixed with oxygen 
combine with it, not burning to CO or CO 2 , but forming addition 
products which on thermal decomposition deposit no carbon. 
The affimty of carbon for oxygen to form CO is so great, that if 
^ The volatilization of naatenal from relatively non-volatile organic 
substances by the process of thermal decomposition at high temperatures 
IS called destruchve dtsHllaUon 

In the case of liquid hydrocarbons the thermal decomposition itself is 
called cracking, whether or not associated with volatilization The phe- 
nomenon must not be confused with ordinary distillation, which takes 
place without chemical decomposition (see Chap XVII, p 558) 

Whenever the term disUllatton is employed m this and the next two 
succeeding chapters, it refers to destructive and not ordinary distillation 
2 Bone, Chem. Soc , 83, 1074 (1903) and 86, 693 (1904). 
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oxygen be present in the molecule it will combine with any carbon 
which might otherwise be formed on further heating Hence to 
prevent smoke formation it is necessary only to coke the coal in a 
stream of air This is especially important m the case of the high- 
grade (high heating value), high-volatile bituminous coals In 
the case of the lignites and brown coal the volatile matter, though 
large in amount, is so rich m oxygen (combined water) that carbon 
formation is less The smoke from these coals is easier to burn, 
but unfortunately the furnace temperatures realized are so low 
that this advantage is largely counterbalanced by the consequent 
lower leaction late. 

In high-grade bituminous or anthracite coals the heat absorbed 
by this distillation is a small fraction of the total heat evolved 
upon combustion, but fuels contaimng large quantities of water, 
either free or combined (ligmtes, brown coals, etc ) consume a 
great deal. This heat absorption chills the furnace and accord- 
ingly interferes with combustion. 

Solid fuels may be burnt m two ways, supported upon a grate 
designed to admit the air necessary for combustion, or finely 
divided fuel (powdered coal, sawdust or shavings) may be blown 
into the furnace in such a way that each particle passes through 
the combustion space along with and surrounded by the air 
requisite for its own complete combustion. The former is the 
more usual method, and because a study of this type of combus- 
tion well illustrates the underlymg facts and principles, it wiU be 
considered in detail here 

Pnino/ry Combustion — Consider a grate upon which rests a 
bed of coke formed by the distillation of the coal. Through this 
hot coke rises a stream of air, which supports its combustion If 
one samples and analyzes the gases at various points in this fuel 
bed, and plots the gas analyses as ordinates against the height 
of the point of samphng above the level of the grate bars, as 
absciss®, one obtains curves similar to Fig 47. These curves 
will vary somewhat with the character of the coal, with its size 
and with the air velocity However, wide variations in these 
controlhng conditions cause relatively small changes in the curves, 
especially in them positions relative to each other. Thus the 
percentage of oxygen has usually fallen to 2 or 3 per cent within 
2 to 4 in. above the grate. 
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The temperature m the fuel bed is surprisingly uniform It 
IS of course low at the grate because of the cooling effect of the 
entering air It rises at fiist sharply and then gradually to a 
maximum a few inches below the upper surface of the fuel bed 
and then decreases slightly Obviously, the combustion reactions 
cannot progress until the temperature has reached the ignition 
point, 600 to 800° C Although the cold air entering the fuel bed 
through the grate bars chills the mass at this point, heat flows 
down through the fuel bed at a very high rate by both conduction 
and radiation Furthermore, the instant ignition starts, reaction 
IS so rapid, owing to the high concentration of oxygen, that heat 
generation at the bottom of the fuel bed is very great In the 
case of petroleum coke (very low m ash) these factors keep the 
temperature at the bottom of the bed so high that it is almost 
impossible to avoid burning the grate bars However, with coal 
and ordinary coke the residual ash protects the grate bars and 
dilutes the combustible to such an extent that the temperatuie 
rise above the grate bars is less sharp It is general practice in 



burning petroleum coke to use enough coal to form and maintain 
a protective bed of ashes on the grate 

Owing to these effects the combustion reactions do not ordi- 
narily start sharply at the grate bars but a little above them. In 
Fig. 47 ^ the curves starting along the line BC are those obtained 
1 Based on data of Kreisinger, Ovitz, and Augustine, U S Bureau of 
Mines, Tech Paper 137 (1917) 
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m the burning of petroleum coke without admixed coal, while the 
curves starting along the line AO are the normal type It will 
be noted that the two sets of curves become identical a short 
distance above the grate bais Because of the absence of compli- 
cation due to ash, discussion will be limited to the curves starting 
from BC Where ash is present, the line BC may be called the 
effective position of the grate bars 

For a given coke — whether filed as such or produced on the 
grate itself by the distillation of the coal — of a given lump size or 
size distribution (i,e , screen analysis), the 02-curve and the early 
part of the C02-curve both remain piactically unchanged ^ what- 
ever the air velocity thiough the fuel bed. Also, at the start each 
IS symmetrical with respect to the other, the C02-cuive plotted 
up being identical with the 02-curve plotted down from the initial 
oxygen content of the entering au*, 20 9 per cent. Fuithermore, 
m this region each is a logarithmic curve, % e , the C02-curve is a 
straight hne if plotted directly on semi-logarithmic paper, as is 
also the case if 20 9 minus the O 2 content be so plotted 

These facts demonstiate that rate of oxygen disappearance 
and carbon dioxide formation are equal and each proportional 
to the oxygen content of the gas at a given point in the fuel bed, 
% e , that the primary reaction in the combustion of carbon in air 
IS C+02=C02, and this reaction is monomolecular with regard 
to O2 Furthermore the fact that these curves do not change 
with increasing air velocity, despite the accompanying increase in 
temperature due to increased heat evolution, indicates that the 
late of combustion is controlled, not by the rate of chemical 
combination on the surface of the carbon, but by the rate of diffu- 
sion of the oxygen through the surface film of air around each car- 
bon particle (seep 36). Doubling the air velocity approximately 
halves the thickness of this film Consequently with the same 
gradient in oxygen concentration twice as much oxygen diffuses 
into the surface of the carbon where, at the temperatures of the 
fuel bed, its combination with the carbon is practically instantane- 
ous The CO2 now diffuses out against the oxygen diffusing in 
Change of diffusion velocity with temperature is small within 
the range involved. One might assume that the rise in tempera- 
ture with higher air velocity increases the reaction rate just suffi- 
ciently to keep the rate of CO2 formation proportional to velocity, 

^ Withm the experimental error, which is admittedly large 
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but such exact adjustment of temperature to velocity under the 
widely varying conditions of heat dissipation seems out of the 
question The above facts are compatible with the assumption 
of CO as the piimary product of oxidation, this being oxidized to 
CO2 as it diffuses through the air film, but the simultaneous 
presence of O2 and CO fuither above the grate demonstrates that 
the rate of combustion of these two is not sufficient to explain the 
absence of CO at the bottom of the fuel bed CO2 is therefore 
the primary product of combustion. 

The CO curve starts out asymptotic to the horizontal axis, and 
its slope is at all points roughly propoitional to the CO2 content 
of the gases It is, however, much flatter than the two preceding 
curves At its right-hand end (after O2 has disappeared) it 
becomes symmetrical with the CO2 curve with respect to two hori- 
zontal asymptotes corresponding to the equihbnum between CO2; 
CO and carbon If air velocity be increased, the CO curve and 
the right-hand end of the CO2 cmve both flatten and move to the 
right, but the displacement to the right is much less than pro- 
portional to the velocity. These facts signify that CO is foimed 
by the reaction, C02+C = 2C0; that the rate of this reaction js 
controlled — not by gas diffusion through the gas film around the 
carbon particles — but by the rate of chemical interaction of CO2 
and carbon, that with the increasing temperature corresponding 
to increasing air velocity the reaction rate increases, but less 
rapidly than the air supply; and finally that, even at high tem- 
peratures, this reaction is much slower than the formation of CO2 
from O2, so that equilibrium is approached only with very deep 
fuel beds and long time of contact of gas and carbon 

It is obviously impossible to operate a fire properly with too 
thin a fuel bed. It must be at the very least 3 to 6 in. deep to 
avoid chimneys and thin spots which render proper control out of 
the question, and it is usually wiser to use much thicker beds 
Inspection of these curves shows that the gases leaving the bed 
carry little or no oxygen, but do contain monoxide, which repre- 
sents incompletely burnt fuel. It is therefore necessary to mix 
additional air with the gases leaving the fuel bed and to give op- 
portumty for oxidation of this monoxide, of any hydrogen formed 
by decomposition of water vapor in the air or left in the coke and 
5)f the hydrocarbons formed by initial distillation of the coal 
The reactions in the fuel bed itself are spoken of as primary com^ 
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bustioTij while the burning of the gaseous products evolved is 
called secondary combustion 

Producer Gas — Gaseous fuels are relatively clean and free from 
ash, and, mainly because of the limited amount of fuel m the 
furnace at any one instant, admit of exact control of temperature 
and heat supply Of the secondary gaseous fuels, coal gas has the 
highest heating value and is therefore the easiest to distribute, 
but its cost IS too high for most industrial furnaces Hard coal or 
coke can be gasified by decomposition with steam (water gas) but 
this reaction absorbs heat which has to be supplied by alternately 
blowing with air Mere primary combustion of a solid fuel with 
a thick fuel bed obviously yields combustible gas and this 
method is sometimes used, but the fuel bed gets very hot at the 
bottom (where the coke is burning almost quantitatively to CO 2 ) 
resulting in trouble from fusion of the ash. One may, however, 
introduce steam (or occasionally CO 2 m the form of flue gas) with 
the air, thus absorbing the excess heat by its interaction with the 
coal, yielding producer gas. This may be used directly as hot, 
raw producer gas, or it may be cooled and purified Raw gas can 
only be used in a furnace directly connected with the producer 
Because of the simplicity of its production and its cheapness, 
pioducer gas is widely used and its importance is increasing Its 
main disadvantage is its low heating value, due to the diluent 
nitrogen from the air, but this can be largely overcome by the use 
of proper preheating and heat recovery devices (see p. 228). 

Since producer gas is formed by the interaction of steam and 
carbon superimposed upon primary combustion with air, especial 
attention must be paid to the steam reactions It is found that 
if the reaction products of steam alone be plotted as shown in 
Fig. 48 the curves obtained are the same whatever the char- 
acter (fineness, porosity, etc) of the carbon^ or the pressuie of 
the steam or the time of contact of steam with carbon Further- 
more, temperature has only a slight influence. All these variables, 
however, profoundly affect the extent to which the decomposition 
goes in a given time 

As just stated, change in pressure of the steam used does not 
affect these curves It will be noted, however, that the curves are 
so plotted as to eliminate as a variable time of contact of the 

^ Except that wood charcoal gives entirely different results, with higher 
CO2. 
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steam with the carbon The experimental results also show that 
the time required to get the same identical effect, other things 
being equal, is inversely proportional to the pressure These 
facts demonstrate, first, that if water-vapor takes part m more 



Fig 48 — Water-gas Formation {Bases for Ordinates and Abscissas is 
H20 -\-Hz, Numerals Represent Centigrade Temperature in Hundreds of 
Degrees ) 

Haslam, Hitchcock, and Rvdow, J Jnd Eng Chem , 15, No 2, 1923 


than one reaction the order of each of these reactions must be the 
same with respect to it, since otherwise change in pressure would 
change the rate of one reaction more than another and therefore 
throw the net results off the curve; and second, that all these 
reactions must be monomolecular with respect to water, since 
otherwise the influence of pressure could not be proportional to 
the effect of time It will be noted that the CO2 and CO curves 
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where 


P~k 2 / kr and cx = 2+(ke/k7) 


The solution of this equation is 

(p — a)v = x~o(f^'^ 
For the curves of Fig 48, 

^ = 4 18, o: = 3 17, 

whence 

1 Olv — x — x^ 


For the use of these equations, see page 260 

It IS interesting to note that the final products of mtei action, 
unless the time of contact be very gieat indeed (this is not shown 
on the curves), aie dictated by lelativeieaction lates lather than 
equilibria. 

These curves do not, however, tell the story of reaction rates, 
which increase with temperature and carbon surface Below 
800° C they are very slow. In the neighborhood of 1000° C 
these reactions approximately double m late for each 100° rise 
in temperature, but the temperature increment reqiiued to double 
the rate steadily increases with the tempeiature (roughly in- 
versely proportionally to the square of the absolute temperature) 
In producer gas practice the temperature is kept as high as pos- 
sible without fusion of the ash in order to keep up reaction rate 
and secure maximum capacity fiom the appaiatus 

In producer practice Reactions 1 and 6 start simultaneously. 
Reaction 8 plays almost no part, going to the left if at all, 
because there is at the start but little H 2 to reduce to CO 2 and 
at the end but little steam to oxidize the CO Reaction 1 
quickly completes itself, after which 6 and 2 go hand in hand, 
6 being much the more rapid. 

6. Combustion of Liquids. — All combustible liquids volatilize 
largely if not wholly before reaching combustion temperature, 
many of them decomposing thermally (cracking) rather than 
vaporizing unchanged. Those which readily vaporize without 
decomposition may be mixed with air before ignition as in internal 
combustion engines but m furnace practice the liquid is usually 
broken up by atomization into an exceedingly fine spray mixed 
with the air necessary for its own combustion. Under these con- 
ditions the processes of distillation, cracking, primary and second- 
ary combustion take place almost simultaneously Because of the 
large surface exposed the combustion rate is extremely high and 
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because of the small amount of fuel m the combustion zone at any 
one instant control is excellent 

7. Combustion of Gases. — As already stated the rate of oxi- 
dation of all the combustible gases is slow except at very high 
temperatures and in sufficiently high concentration of the gases 
and oxygen Where the concentration of the gas and oxygen is 
such that combustion following ignition at one point generates 
enough heat to raise the neighboring portions of the mixture to 
Ignition temperature, it is obvious that a flame once started will 
propagate itself with great rapidity This point constitutes the 
lower explosive limit If the amount of combustible gas be in- 
creased sufficiently it will itself finally act as a diluent sufficient 
to prevent combustion, thus determining the upper explosive 
limit. 

In furnace practice the first problem of combustion is complete 
mixing of the gas and air and the next is the provision of sufficient 
tune for the combustion reactions to complete themselves. These 
will be discussed in Chaptei VII. 

It has already been pointed out that hot surfaces serve as 
catalysts for all gas reactions It is therefore highly desirable 
to bring the gases into intimate contact with hot refractory sur- 
faces in order to complete combustion m the least possible time. 
That combustion by catalysis may be of controlling importance 
is shown by the fact that at low temperatures the combustion of 
mixtures of hydrogen and oxygen is proportional, not to the tune 
of exposure of the gases to combustion temperatures, but to the 
surface of the container That the mechanism of combustion 
by surface catalysis is entirely different than that of oxidation 
m the gaseous phase is demonstrated by the experimentally 
determined fact that whereas the combustion of hydrogen cata- 
lyticaUy is monomolecular with respect to hydrogen, combustion 
in the gaseous phase is dimolecular Quantitatively very little is 
known concerning the specific reaction rates or the influence of 
the character of catalytic surfaces upon them 
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FURNACES AND KILNS 

In order to utilize to the greatest advantage the heat energy 
made available by combustion, it must be set free m an enclosed 
space made of fire brick or other heat resistant material, known 
as a furnace, kiln, retort oi oven Although furnace construction 
was practiced many centuries before the principles of combustion 
just presented were understood, the design and operation of 
modern furnaces m accordance with these principles is an impor- 
tant chapter in the economy of chemical engineering. 

Furnaces may in general be divided into two classes according 
to whether first, the heat of combustion be transferred by diiect 
contact from the fuel, flame, or hot gases to the mateiial to be 
heated, or, second, the heat be transmitted from the combustion 
space through some containing waU or partition to the charge, the 
flame and products of combustion being separated completely 
from the charge by the use of a muffle, retort, still, or other similar 
contamer such as segar or crucible The first type of furnace 
has the great advantage of cheaper construction, lower cost of 
maintenance and operation, and more rapid heating and cooling, 
and is adapted to maintain a higher temperature. The disad- 
vantages are that the charge is contaminated with the flue dust 
and other products of combustion which aie in many cases objec- 
tionable, that the treatment of the charge is limited to chemical 
conditions compatible with satisfactory combustion of the fuel, 
and even so is subject to changing conditions of oxidation and 
reduction resulting from unequal firing, and that any product of 
the reacting mass which is volatile is lost in the large volume of 
flue gas. On the other hand, the second type, the muffles, re- 
torts, or stills, have the obvious advantage of easy manipulation 
of the products of the reacting mass, and a more uniform control 
of the temperature and of the chemical conditions of the atmos- 
phere in the furnace. If the temperature be relatively low and 

207 
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the containing wall of metal, as in a still, low heat transmission 
capacity due to poor conductivity is avoided, but in muffles of 
heavy fine-brick consti action the tempeiature drop through the 
wall IS great and for rapid heating the combustion space must be 
maintained at a much higher temperature than the interior of the 
vessel, with consequent loss of heat in the flue gases and low heat 
efficiency 

In some cases the fuel may be mixed directly with the charge 
and the most intimate contact obtained between the source of 
heat and the object to be heated This advantage finds its most 
perfect realization in those electric furnaces in which the charge 
forms its own lesistance, such furnaces of course do not use fuel 
but, as m the case where fuel is mixed with the charge, the heat 
IS greatest at the point where it is to be utilized However, in 
order to maintain thiough the mass a free passage for the air 
necessary for combustion, either a strong blast must be used, or 
the charge must lemain rigid and lumpy throughout the operation 
This type of furnace has, therefoie, in the past been limited to 
such purposes as the blast furnace in metallurgical work, to the 
old type lime kiln where the fuel was added with limestone, and 
to brick and pottery flung 

A third special type of furnaces includes those in which the 
fuel itself is the only charge (beehive coke ovens, charcoal heaps, 
etc ) 

A second classification of furnaces especially useful as a basis 
for discussion depends upon the character of the fuel 

1 Furnaces using solid fuels (not powdered nor directly 
admixed with charge), 

2 Furnaces using liquid or powdered solid fuel, 

3. Furnaces using gaseous fuel, 

4 Furnaces using solid (or liquid) fuel directly mixed with 
charge 

1 FURNACES USING SOLID FUEL ON GRATES, FUEL NOT 
POWDERED NOR DIRECTLY ADMIXED WITH CHARGE 

Furnaces of this type must support the fuel on a grate and 
carry out primary combustion at that point Steam boilers are 
by far the most important illustration of this type and well 
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exemplify the problems of design, constiuction and opeiation, but, 
as will appeal latei, most chemical furnaces must diverge sharply 
from boilei piactice m ceitain legards. 

(a) Coking — The first problem is to biing the fuel up to 
incandescence and this involves the coking of the coal which takes 
place before ignition tempeiatuie is reached This coking must 
be carried out in a stream of air if smoke is to be avoided (see p 
197) Consequently the coal must not be coked by thi owing it 
on the incandescent fuel bed, since the gases using from this are 
oxygen-free The air using through the cold fuel must, however, 
not be large in amount, as otherwise it will exceed that necessar}^ 
for secondary combustion In the case of a hand-fiied grate 
proper conditions for coking can be maintained by filing the fresh 
coal on a small area of clean grate bars immediately m front of 
the fire door, secured by pushing the incandescent fuel back from 
this area onto the remainder of the fuel bed. This cold fuel is 
heated by conduction from the incandescent fuel beside it and by 
radiation from the furnace walls It distills with an excess of 
fresh air rismg through it, the excess being later available for 
secondary combustion. When coked it should be pushed with 
the hoe back upon the rest of the bed and fresh coal again supplied 
at this point. 

This method is effective in preventing smoke formation but 
it IS laborious in that it lequires constant attention to the fire, it 
being necessary to add the coal m successive small quantities at 
frequent intervals In consequence it is difficult to get the fire- 
man to use this method, all the more since no recording or even 
indicating instrument for smoke measurement has been devised, 
so that there is no check on the operation except when the in- 
spector happens to be looking at the top of the stack. One of 
the major advantages of mechanical stokers is their solution of 
this problem Both the horizontal chain grate and the inclined 
rocking grate feed the coal slowly and continuously into the furnace, 
where it cokes with air rising through it The latter by its motion 
rolls the coked fuel down over the rest of the fuel bed, keeping 
this of umform thickness, a thmg the chain grate fails to do. 
However, both these automatic types have in common with the 
hand-fired grate (when operated as recommended above) the 
shortcoming of letting a certain amount of fresh coal fall through 
the grate bars where it is difficult to avoid losing it with the ash 
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The underfed stoker eliminates this difficulty and is peculiarly 
efficient in the conditions undei which it cokes the coal 

(b) Maintenance of Fuel Bed and Removal of Ash — The next 
problem is to maintain a unifoim fuel bed and to remove the ash 
free from unburnt combustible In a hand-fired furnace, using a 
coal with non-packing, non-fusmg ash this is easily done The 
bed is kept uniform by poking, and the ash is worked through the 
grate by shaking, keeping on the grate, however, a layer of ashes 
sufficiently thick to completely burn out the carbon If the 
ash packs, it chokes the draft and the grates must be kept so well 
shaken that combustible is sure to be lost with the ashes Condi- 
tions are even worse with a fusing ash since the effort to get the 
clinkers through the grate works combustible through with it 
The horizontal chain grate is poor m this regard as it leaves a thin 
fuel bed at the end of its travel If operated to burn out all the 
combustible it is prone to let through too much air It is especi- 
ally unsatisfactory with badly clmkering coals The inclined 
grate keeps a very uniform fuel bed but with clinkenng ash the 
grinding of the grates necessary for its removal balls up large 
amounts of combustible with the fused ash, since the point of 
grate movement for ash removal is so close to the high tempera- 
tuie zone of the fuel bed We have observed 50 per cent com- 
bustible in the ash from a furnace of this type The underfed 
stoker is especially unsatisfactory in separation of ash from 
combustible 

(c) Combustion Rates — As indicated on p. 200, at furnace 
temperatures the rate of combination of coke with oxygen to 
form CO 2 IS proportional to the air velocity, so that there is no 
limit to the amount of coal which can be burnt on a given grate 
surface, provided the draft is suflGicient to pull the necessary air 
through the grate and fuel bed, until an air velocity is reached 
sufficient to blow the coal off the grate 

As ail velocity through the grate increases, the amount of heat 
evolved by primary combustion increases slightly more than 
proportionally No small fraction of this heat is carried away as 
sensible heat in the gaseous products of primary combustion, and 
this heat quantity obviously increases with the temperature of 
those gases- Where, however, there is in the furnace an object 
to be heated in sight of the fuel bed, either directly or by 
reflection, a great deal of heat flows by radiation from the fuel 
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bed to this object, especially in the foinioi case In boilei practice 
the boilci IS at a tenipeiatuie so low in coinpaiison wnth that of 
the fuel bed that a laige fi action of the total heat of piinian^ 
combustion i caches the boiler in this way Furtheimoie, since 
radiation rises as the fouith powei of the absolute tempeiatme, 
almost all of the excess heat evolved m primal y combustion wuth 
increasing combustion rate goes to the boileis as ladiant energy'- 
and this requiies very little increase m temper atuie of the fuel 
bed However, m many chemical furnaces there is no body with 
adequate heat absorption capacity available for taking up this 
radiation and therefore m such cases the temperature of the fuel 
bed rises rapidly with increase in combustion rate If not con- 
trolled this will result in localized overheating in the furnace, in 
fusion of the ash and even in burning out of the grate bars Con- 
sequently, chemical furnaces with limited heat absorption 
capacity in sight of the fuel bed must m general be operated 
at very carefully limited rates of combustion 

Hand-fired boiler furnaces can be operated successfully at com- 
bustion rates of 10 to 20 lbs of coal per sq ft of grate area 
per hr , while mechanical stokers can be forced to 40 or 50 lbs 
Indeed, combustion rates of 80 lbs have been realized but it is 
impractical to maintain these commercially In chemical fur- 
naces the combustion rate is, as stated above, limited by the 
maximum allowable temperatme of the furnace, by its heat 
absorption capacity and by the necessity for uniformity of heat 
distribution Not infrequently m such furnaces combustion rates 
must be held below from 2 to 5 lbs of coal per sq ft of grate area 
per hr 

So large is the heat radiation from boiler fires that where low- 
grade fuels, such as wet wood waste, tan bark, lignite, etc. are used 
it is necessary to construct the furnace so that the boiler cannot 
“ see ” the fire, as otherwise the radiation will cool the fire below 
combustion temperatures. This is done by building the furnaces 
entirely in front of the boiler and separating the two by a high 
bridge waU (Dutch oven construction) 

This possibility of an almost unlimited combustion rate on the 
grate, coupled with the direct transmission of most of the heat 
evolved by radiation to the point required and its almost com- 
plete absorption there is the basis of the tremendous overload 
capacity of boiler furnaces. The main disadvantage of thus 
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forcing the boiler is slightly loweied efficiency clue to impel feet 
secondary combustion Modem piactice tends to piovide ade- 
quate space foi secondary combustion to meet this need 

(d) Secondary Combustion — From the fuel bed there rise the 
distillation products of the volatile combustible matter of the fuel 
and the gaseous products of primaiy combustion rich in carbon 
monoxide and containing some hydiogen fiom the moisture m the 
air In the former gases theie should be some oxygen if the fuel 
has been propeily fired but m the latter theie is little or none 
The potential heat of combustion of these gases lepresents a large 
fraction of the heat content of the fuels and adequate provision 
must be made for their oxidation 

The fiist problem is to mix these gases with the proper amount 
of air So great is their volume (owing to the large amount of 
mtrogen) that complete mixing is difficult to secure In hand- 
fired furnaces the secondary air {i e , this air necessary for 
secondary combustion) is admitted through dampers in the fire 
door and mixes with the gaseous products of primary combustion 
as it sweeps over the fuel bed In the case of chain and inclined 
grates no small fraction of the secondaiy air enters through the 
distilling fuel In underfed stokers none whatever comes in this 
way In stoker-fired boiler furnaces modern practice is developing 
toward the admission of secondary air through multiple ports in 
the bridge wall, the air being preheated during its passage through 
the flues in the wall which conduct it to these ports In this way 
it IS possible to admit the air at a large number of points thus 
improving mixing conditions The preheating is, as will appear, 
very desirable from the point of view of secondary combustion 
Secondary combustion itself is a series of purely gas reactions 
These reactions are therefore slow compared with those of primary 
combustion (see p 200) and adequate time must be provided 
for their completion. In hand-fired boiler furnaces it was form- 
erly the practice to supply from 4 to 5 cu. ft. of combustion space 
per sq ft. of grate area and at the combustion rates formerly used 
(5 to 10 lb. of coal per sq. ft. of grate area per hr ) this was not 
inadequate in the case of high-grade coal. When, howevei, com- 
bustion rates were increased with the introduction of mechanical 
stokers, while the temperature of the combustion gases increased 
and therefore the rates of secondary combustion also went up, 
this temperature increase was too slight (see p. 211) to secure 
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proper secondary combustion in these limited combustion spaces 
As a lesult designeis have been mci easing combustion space 
piogressively duiing lecent yeais so that to-day an allowance of 
12 to 14 cii ft of combustion space per sq ft of grate area is not 
uncommon in new installations which are to be foiced to high 
combustion rates. 

Where low-grade fuels are used the fuel bed temperature is low 
and consequently the temperatuie of the combustion gases also. 
This means that the leaction rates of secondary combustion are 
less and m such cases additional space must be allowed One 
of the advantages of Dutch oven construction foi these low grade 
fuels is the provision of increased combustion space coupled with 
the fact that the pioducts of piimary combustion leave the fuel 
bed at a higher tempeiature because of absence of radiation from 
it and therefore bum at a higher rate 

These gaseous reactions can be catalysed by contact with hot 
refiactory surfaces For this purpose extensive baffles are fre- 
quently introduced in the combustion space of boiler furnaces, 
against which the gases impinge and around which they have to 
flow These baffles aid not merely by catalysis of the gas reactions 
but by improving mixing with the secondary air and by absorption 
of heat from the gases which in turn is radiated to the boiler Such 
baffles are not generally used in chemical furnaces but in many 
cases their introduction would be highly advantageous. For 
example, in a muffle furnace a part of the heat fiom the hot gases 
IS picked up by the wall of the muffle itself but another part is 
absorbed by the remaining walls of the flue and radiated from 
there to the muffle Where the muffle is made of refractory 
mateiial the temperature difference between it and the lemam- 
mg walls of the flue is slight because at the high temperature of 
the furnace the late of energy interchange between walls and 
muffle by radiation is very great. If in such a case one will in- 
crease the surface area of the remaining walls of the flue, e,g,, by 
allowing alternate bricks to protiude from the wall into the flue, 
this will furnish additional surface for absorption of heat from 
the hot gases, which will m turn be radiated to the muffle walk 
In this way the capacity of such a muffle can in some cases be 
increased 100 to 200 per cent. 

In many chemical furnaces a baffle of this sort is superfluous. 
For example, m an externally fired lime kiln the products of 
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secondary combustion enteimg the kiln have their combustion 
catalysed by the surface of the lime itself. As a result combus- 
tion in these kilns is unusually peifect 

In order to secure complete combustion one must obviously 
supply sufficient air, and in practice it is found necessary to furnish 
a considerable excess In the limited combustion space of boiler 
furnaces it is impossible to secure complete oxidation, especially 
of the CO, even with large amounts of secondary air Since when 
carbon bums to CO the heat evolution is less than 30 per cent 
that of combustion to CO 2 , CO going up the stack represents a 
seiious heat loss Formerly the boiler plant engineer focused 
attention upon this loss to too great an extent. He determined 



it by analysis of the flue gases and found that excess air cut down 
the percentage of CO in it. In fact, however, while excess air 
does reduce the percentage of CO in the flue gas, it reduces the 
absolute amount formed from the coal little if at aU In othei 
words the CO in the flue gas is reduced by dilution with an rather 
than by oxidation to CO 2 , because the dilution cuts down the re- 
action rate due to the lowering of the temperature of the gases 
and the time they are in the combustion space almost as much as 
this rate is increased by a higher concentration of oxygen 
Furthermore, in furnaces operated under natural chimney draft 
it IS obvious that the use of excess an increases the volume of flue 
gas and therefore increases the draft necessary to overcome 
furnace and stack friction. Since this draft comes only through 
temperature difference between stack gases and the outside air 
this means that in such cases stack gas temperature increases with 
excess an Consequently excess air runs up stack losses 

On the other hand it is not practicable to reduce excess air 
too greatly. With grate-fired furnaces it seldom pays to cut it 
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below 40 to 50 per cent, since otlienvise, clue to the impeifect 
mixing and the extiemely low leaction lates of secondary com- 
bustion caused by the veiy low oxygen content of the gases at 
this point, there will be in the flue gases too much caibon monox- 
ide and in some cases even smoke The bettei the provision for 
mixing of secondaiy air with the products of primaiy combustion 
and the greater the combustion space provided, the less excess 
air required and the smaller the heat losses up the stack. Fortu- 
nately m many chemical furnaces (muffles, retorts, pottery kilns, 
leverberatory furnaces, etc ) the volume of the combustion space 
and the temperature in it aie sufficient to give peifect secondary 
combustion. 

It frequently happens, especially in chemical practice, that it 
is desired to distiibute the heat eneigy pioduced by the combus- 
tion of fuel at a relatively low but necessaiily uniform tempera- 
ture, over a relatively large aiea For this purpose it is impracti- 
cable to design a coal-fired furnace so as to provide uniform direct 
ladiation fiom the fuel bed to aU the points to be heated. Experi- 
ence has shown that the problem can be solved by primary com- 
bustion of the fuel upon the grate with the production of a com- 
bustible gas, the combustion of which can then be completed after 
the gas IS led to the point where the heat is required. By far the 
best results are obtained if the gas produced will burn with a 
smoky flame, i e., will m its combustion generate a large number 
of exceedingly fine particles of carbon, which wiU be heated by the 
combustion reactions to incandescence and will then transmit 
the energy of combustion to the desired point by radiation In 
practice this can best be secured by the use of a high B.t.u. fuel 
with a veiy high percentage of volatile combustible matter, ad- 
mitting only enough air under the grate to distill off this com- 
bustible matter and burn the residual carbon. The volatile matter 
fiom such a coal is always rich in carbon, and burns with the 
smoky flame desired, thus generating a large fraction of the 
total energy of the combustion of the fuel m the form of radiant 
energy in the gas flame at a point far removed from the grate on 
which the fuel is fired. 

With a fuel high in volatile combustible matter, producing 
on coking a large volume of combustible gas, the heat generated 
in the fire box is to a measure absorbed by the endothermic proc- 
ess of distillation of the fuel itseff, and an excessive temperature 
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in this part of the furnace is avoided Combustion of this gas 
IS completed in the body of the furnace, thus carrying the heat 
from the fire box where it is not needed to the back of the charge 
which would otherwise be too cool 



Fig 50 — Reverberatory Furnace, Short Type 

This type of furnace is employed where it is necessary to bring the whole charge to a 
uniform high temperature A large fraction of the heat is transmitted to the charge 
radiation from the fuel bed to the arch above the bridge wall from which it is reflected and 
radiated to the charge The flue gases going to the stack are ob\nously hot It is usually 
restricted to batch operation 


This IS the basis of the utility of the “ long flame '' of wood 
which has for many years been the favored fuel for such opera- 
tions as require a moderate temperature distributed over a large 



Fig 50 A — Reverberatory Furnace, Long Type. 

This furnace is suitable for preheating the charge when fed through the furnace contin- 
uously in a direction counter to the flow of gases In this particular furnace the stock la 
worked through by hand stoking and rabbhng Furnaces which provide mechanical con- 
veying of the charge are available Fuel efficiency is improved by partial recovery of the 
waste heat from the gases but contact of the gases with the charge is poor and the heat 
transfer coefficient low in consequence 


area, — such as lime and brick burning. High-grade, high-vola- 
tile coals are usually good. The disadvantage of forcing a furnace 
of large effective area with a low-volatile coal or coke is very great, 
if a uniform temperature m the combustion space be desired If the 
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fire be forced to heat the remote parts of the furnace, the portion 
next to the fire box is ovei heated, and this part of the structme 
rapidly burns out ” If a moderate fire be maintained the out- 
put of the apparatus is greatly dimimshed This is paiticularly 
true, if the charge becomes very corrosive at high temperatures 
as in making sodium sulphide, or is deteiioiated as in burmng lime, 
or if a uniform temperature over a large area is necessary as when 
a large non muffle is to be heated as m the Mannheim process for 
making hydrochloiic acid from nitre cake It is in such cases 
that an understanding of the principles of combustion discussed 
m Chap VI are of great value 

Davis ^ many years ago showed that the output of a coke- 
fired furnace for making soda by the LeBlanc process was in- 
creased by almost 300 per cent by the simple device of introducing 
an evenly distributed supply of steam under the grate bars The 
endothermic reaction 

C-bH20 = C0+H2, 

accomplished three pm poses, — first, it reduced the excessive tem- 
perature of the fire box and that portion of the furnace hearth 
adjacent thereto, thus increasing its life, second, it furnished a 
large volume of combustible gas which passed into the body of the 
furnace to be burned, third, the presence of that portion of the 
steam undecomposed diluted the combustible gases and thus 
lowered the rate of combustion and produced a flame of lower 
temperature and greater volume The net result was that the 
heat supply was evenly distributed over the entire hearth, the 
output of the furnace increased, and its hfe lengthened 

The other common endothermic reaction, C02+C = 2C0, can 
also be utilized for producing these results, and from an energy 
standpoint is even more economical, as it eliminates the heat 
necessary to produce the steam Even so low a content of CO 2 
as is present in ordinal y flue gas is efficient in distnbutmg the heat 
generated in a fire box over a large area Not only is the absorp- 
tion of heat by the formation of CO and its subsequent combustion 
of value, but the dilution of combustible gases with the accom- 
panying water vapor and nitrogen diffuses the heat by enlarging 
the volume of flame as already explained (See p 219.) When 

^ Davis, Chemical Engineering Davis Bros , Manchester, England 
( 1902 ) 
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the flue gas is withdrawn as soon as it leaves the actively heated 
zone of the furnace, the energy lost by such a piocedure is clearly 
very small compared with the consequent advantages Eldred 



Fig 51 — Doherty-Eldred Lime Kiln 


The kiln is externally fired The gases at the top of the kiln are quite cool because of 
the excellent contact between them and the incoming cold charge They are piped down 
to the floor hne v-here the pipe divides, dehvenng the gas to two blowers, the larger of which 
discharges most of the gas to the stack while the other recirculates the rest, delivering it 
below the grate of the two furnaces with which the kiln is eqmpped The third blower 
show'n supphes the air The cut shows only one of the points of entrance of recirculated 
gas and air, a part of the kiln being cut away to show the interior construction The dis- 
charge pipe for stack gases is also shown cut off 
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used this pimciple m the efficient opei alien of lime kilns, and 
it has been frequently employed in heating large muffles, retorts, 
annealing boxes and containeis of this kind Recently a veiy 
valuable application of these pimciples has been made m the firing 
of the ordinary red buck kiln A steam pipe with many small 
openings is placed thioughout the length of each fire box When 
the coal fire is well ignited, steam is introduced under the body 
of the fire The large volume of low4emperature flame penetrates 
throughout the entire mass of bucks, giving a larger yield of mar- 
ketable brick m a much shorter time 

Greater umformity of heat distribution can be secured by 
admitting secondary air, not at the bridge wall, but at successive 
points along the combustion space, the air supply at each point 
being capable of control (Semet-Solvay coke ovens, although 
these are gas-fired ) 

It must be remembeied that those gases formed by modified 
piimary combustion of low-volatile solid fuel do not burn with a 
luminous flame, and the piocess is on that account less satisfac- 
toiy than the use of a highly volatile coal In certain cases, 
however, the combustible gases come into intimate contact with 
the matenal to be heated and in such cases the surface of the 
material itself can serve as a contact mass to catalyse the com- 
bustion reactions, piovided it is sufficiently hot Since these 
reactions take place upon the very surface of the matenal to be 
heated, the energy due to combustion is thus generated upon 
that surface itself and consequently absorbed directly without 
transmission losses. 

If a relatively small area is to be heated to a very high tempera- 
ture, this dilution of the flame should be avoided, and the fuel 
and air for combustion must be heated before they combine. 
It IS always possible to preheat the air, but the fuel can be pre- 
heated with advantage only when it is a gas. For a locahzed 
high temperature even the water vapor present in the air during 
warm weather has been found to exert a profound influence by 
the endothermic reaction of its decomposition. Thus m the 
iron blast furnace at the entrance point of the air blast, an increased 
melting capacity of the iron reduced is obtained by removing 
the water vapor from the air used An atmosphere richer m 
oxygen than ordinary air is here desirable (p. 241). 
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2. FFRKTACES USING LIQUID OR POWDERED SOLID FUELS 

Powdered coal was mtioduced as a fuel over twenty years ago 
in the burning of cement in rotaiy kilns The pulveiized coal is 
injected into the furnace with a poweiful blast of air and bums 
in a flame much the shape of a greatly elongated egg In laige 
kilns this flame will be from 2 to 4 ft in diametei at its maximum 
and 10 to 15 ft. long Because of the way the fuel is blown in, 



Fig 52 ' — Pulverized Coal Fired Boiler 

The semi-dutch-oven construction is provided to furnish ample combustion space 
Certain plants are trying the experiment of injecting the coal directly do-wnward through 
the top of this dutch-oven so that the flame is turned back upon itself The purpose of 
this IS to give to the ash particles a downward component to sling them into the ash pit 
This modification is apparently quite successful 

each particle is surrounded with a layer of air. It is heated to 
incandescence; partly by conduction but mainly by radiation 
from the hotter portion of the flame and therefore the volatile 
matter distills in the presence of excess air There is therefore 
little or no tendency to deposit soot provided sufficient air is 
present for complete combustion of the fuel The flame from 
such a burner is exceedingly hot and a large fraction of the 
heat is given off m the form of radiant energy 

^ Courtesy of Fuller-Lehigh Co , Fullerton^ Pa 
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One of the disadvantages of powdered coal is the danger of 
fires and on occasion even of dust explosions The possibility of 
the latter can be eliminated by keeping the dust concentration 
in the air used above the explosive limit The danger of fires can 
be reduced by using air-tight ducts for transportation of the pow- 
dered fuel and exercising great care to prevent ignition It is 
inadvisable to hold large quantities of dust m storage, and grind- 
ing equipment should be adequate to supply the maximum 
demand of the furnace rather than store powdered coal for peak 
loads The coal may be transported from the pulverizer to the 
burnej. either by screw conveyors or by forcing it along with air 
pressure (since it flows like a liquid) or by suspending it in air and 
floating it In the latter system care must be exercised to keep 
the air used for floating below the explosive limit 

Liquid fuels are burnt much as powdered coal, being atom- 
ized by air under pressure or frequently, on account of its con- 
venience, by steam They too burn with an extremely hot 
ladiant flame The simplicity of firing and small combustion 
space required makes them very advantageous on shipboard 
Both powdered coal and oil can be mixed with air so per- 
fectly that excess air can be reduced to 10 to 20 per cent without 
danger of incomplete combustion With both, the short, hot 
flame tends to overheat that part of the furnace near it, cutting 
away brick work and injuring a sensitive charge, and coal ash, 
if fusible, may flux and ultimately disintegrate the furnace lining 
The advantages of lowered flame temperature may be secured 
without sacrificing furnace efficiency by recycling flue gas into 
the air used for combustion, although this lowers combustion 
rate, requiring more combustion space, or, dutch-oven construc- 
tion may be used and the temperature of the combustion prod- 
ucts lowered by adding the recycled gas after combustion is 
complete Either method is far superior to lowering flame 
temperature by excess air In boiler furnaces it is practicable 
to install water-cooled surfaces at substantially every pomt 
in sight of the flame, thereby increasing heat absorption and 
eliminating fluxing of the walls of the combustion space Ash 
dust earned up the stack is sometimes a problem, it has been 
proposed to remove it by Cottrell precipitation (see p. 332), 
but the ash is usually so light that the nuisance from it is sur- 
prisingly small The cost of installation and operatioa of 
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equipment for powdered coal is high m small units, but this in no 
wise applies to liquid fuels 

3 FURNACES USING GASEOUS FUELS 

In the discussion of coal-fiied fuinaces it was pointed out 
that unifoimity of heat distribution was best secured by suppress- 
ing primary combustion so as to increase the gaseous products 
and burning these as secondaiy combustion under controlled con- 
ditions In other words furnace contiol is best secured with 
gaseous fuels 

As already stated coal gas and water gas are too expensive for 
general use while natural gas is available only in restricted areas 
In consequence combustion engineers have developed the method 
of increasing secondaiy combustion at the expense of pi unary by 
isolating the solid fuel fuinace and using it foi the production of a 
combustible gas, pioducei gas (see p 246). This gas is therefore 
available for almost any sort of furnace operation 

Since a gas-fiied fuinace contains little fuel at any one time 
combustion is under quick and accurate control Since one can 
admit the necessary air or gas or both at successive points along 
the furnace, it is possible to generate the heat exactly where re- 
quired. Unfoitunately none of the cheap gaseous fuels burn with 
a smoky flame and consequently the heat must be transmitted 
from the flame to the furnace or charge by conduction rather 
than by ladiation. While this is a disadvantage from the point 
of view of heat transmission capacity it is a great advantage in 
maintaining uniformity of temperature throughout the furnace. 
Even this disadvantage can be eliminated by the use of surface 
combustion. 

Surface Combustion. — The combustion of gases is greatly 
accelerated by contact with hot surfaces. Furthermore, where 
the gas burns m this way the heat is generated upon the very 
surface of the solid and hence raises this solid to incandescence 
so that while the gas itself is not radiant, the heat evolved by its 
combustion can none the less be emitted in radiant form. The 
best way to accomplish this is to mix the gas with aii perfectly in 
as nearly as may be theoretical proportions and burn this mixture 
by passing it through a porous mass of refractory material such 
as fiiebrick oi alundum The contact mass should be porous and 
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spongy in structure to expose the utmost surface Where the 
catalyst is suppoited hoiizontallv or at not too gieat an angle it 
can consist of a pile of small lumps of eiushed lefiactoiy. Com- 
bustion takes place within the mass and the whole becomes highly 
incandescent In this way it has been possible to tiansmit a million 
B t u pel hr through a single sq ft of surface Despite the short 
time of contact, combustion is unusually complete and excess air 
can be reduced to a negligible quantity To prevent flash-backs 
the air-gas mixtuie must be brought through the flues leading 
to the contact mass at a velocity higher than the rate of flame 



Fig 53 ^ — Surface Combustion Furnace 


The gas and air mixture enters through the side ports and is directed down upon the 
coarse mass of refractory material in the bottom of the furnace From this the heat is 
radiated up to the arch and down upon the mufiSe as shown by the broken lines 


propagation through the mixture In small, cool tubes the 
allowable velocity is surprismgly low. 

While surface combustion in this narrow sense cannot be 
universally used, surface catalysis plays an important part m 
every gas-fired furnace. The catalytic action of the walls of the 
furnace and its fllues and of checker work which may be inserted 
in the combustion space, make it possible to secure complete com- 
bustion even at relatively low temperatures. In many furnaces 
the surface of the charge itself serves this purpose (e.g , pottery, 
lime and brick kilns, roasting furnaces, etc ) 

The pressure drop due to the friction of flow of the gases 
through gas-fired furnaces can be estimated by the usual equations 
(pp. 94 to 95). In American practice forced draft is seldom 
used and consequently gas velocities must be kept low. In simple 
^ Courtesy of Surface Comhustwn Co. 
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furnaces they are usually between 10 and 15 ft per second but 
where the travel is tortuous oi the distance is long these figures 
must be reduced accoidingly 

Gaseous fuel is especially well suited for those furnaces in which 
the tempeiatures must be controlled exactly at high temperature 
levels to secure absolute uniformity of heating (open-hearth steel 
furnaces, pottery kilns, etc ) In such cases unusual attention 
must be paid to the mtioduction of the fuel and to the uni- 
foimity of its mixing with the air supply and its distribution 
through the furnace In ring furnaces and tunnel kilns (p 230), 
it IS advisable to admit the gas in successive small quantities at a 
series of points along the furnace The gas ports must be so 
located and the furnace so designed as to msuie perfect mixing 
with the air and distribution of the mixtuie over the charge 
The furnace should be so constructed that, if tiouble develops, 
the location of the gas ports and the direction of the gas cm rents 
in the furnace can be modified after the furnace has been com- 
pleted The ability to control the perfoimance of a furnace in 
this way is one of the impoitant elements m the skill of a furnace 
operative 

Thiee important types of gas-fired furnaces, the ring furnace 
and the tunnel, and the rotary kilns are discussed on p. 228, under 
Recovery of Waste Heat. 


4. FURNACES USING SOLID FUEL IN DIRECT CONTACT WITH 

CHARGE 

Furnaces of this type include kilns for building bricks, the pig 
iron blast furnace, the Dietzsch lime kiln (see p 229), and the 
ring fmnace using solid fuel The most important illustration 
of the type is the rotary kiln using powdered coal (see p 231) 

6. ANALYTICAL CONTROL OF FURNACE OPERATIONS 

In any given furnace it is usually easy to determine and con- 
trol the peiformance of the furnace, z c , to measure the quantity 
of the charge, its temperature rise and such chemical changes as 
may have taken place m it On the other hand a furnace may be 
giving satisfactoiy performance so far as the charge is concerned 
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and yet be opeiatmg veiy pooily fiom the point of view of com- 
bustion The heat losses fiom a fuinace aie usually restiictecl 
to losses m the stack gases, fiom radiation and m the fuel lefise 
(ash) Radiation losses are in general not under the control of the 
operator except as the furnace is ledesigned and rebuilt Lost 
combustible in the ashes can be determined by proximate 
analysis (very great caie must be exeicised m securing a repre- 
sentative sample) However, both these losses are usually small 
in comparison with those in the stack gases In consequence the 
control of furnace combustion depends upon anal^'sis of the stack 
gases and deteimination of their temperatuies* For example, 
almost as much infoimation can be secured with regard to the 
opeiation of a boiler from determinations of the heating value of 
the fuel, of the combustible in the ash, and of the temperature 
and analysis of the stack gases as from a boiler test involving a 
complete heat balance, at a small fraction of the expenditure of 
time and labor 

Because of this fact in boiler practice the use of automatic 
CO 2 recoiders is rapidly increasing Some of these recoiders are 
a mechanically operated Oisat apparatus while others pass the gas 
sample in senes thiough two orifices, absorbing the CO2 between 
the two with solid soda-lnne and measuring the CO2 by the change 
in piessure diop through the second oiifice caused by shiinkage 
in volume of the gas In a well-designed boiler furnace the CO 
will in any case be so completely oxidized by secondary combus- 
tion that the CO3 is a satisfactory measure of the excess air used 
and the geneial efficiency of the combustion process In furnaces 
so built 01 opeiated that thrs is not the case, CO2 recorders viU. 
not tell the whole stor^q because one can have the same CO2 
leadings with either insufficient or excess air. In the fiist case 
there would be considerable CO and perhaps hydrogen in the gas 
and in the second, excess oxygen For this reason CO2 recorders 
aie by themselves of lumted value for gas-fired furnaces. Re- 
corders foi CO and oxygen have been developed but have not yet 
earned wide-spread industrial acceptation. 

These recoiders are valuable adjuncts in furnace control but 
offer many mechanical difficulties due to dust, delicacy of the work- 
ing parts, exhaustion of the chemicals and the like If their indi- 
cations are to be depended upon they must be carefully and 
intelligently watched and checked up against an Orsat analysis. 



226 


PRINCIPLES OF CHEMICAL ENGINEERING 


For the purposes of geneial experimental testing, the Orsat 
apparatus or some one of its modifications is prefeiable to the 
recording instruments 


Eerors in Orsat Analysis 

As will appear m connection with computations, a small error 
in the carbon dioxide determination in a flue gas will introduce a 
serious error in the calculated lesults The gas sample in an Orsat 
IS ordinal ily collected over watei This water dissolves some of 
the CO 2 and in consequence makes the CO 2 determination in the 
gas low ^ Meicury should always be employed in the burette in 
gas analyses where precision is desued. The extent of the error 
can be judged from the following data taken from Bulletin 2 of 
the U. S. Bureau of Mines. 

In boilei test No 2, reported by the Bureau in this bulletin, 
the dry coal has an ultimate analysis of 60 15 per cent C, 4 35 per 
cent H, 21.18 per cent 0, 1 07 per cent N, 0 72 per cent S and 
12.53 per cent ash The mols of H 2 per 100 lbs. of coal are theie- 
fore 4 35/2 016 and the atoms of oxygen, 21 18/16 The differ- 
ence is 0.833, the mols of net hydiogen (H 2 ). The ratio of car- 
bon to net hydixigen (C/H 2 ) is therefore 60 15/(12) (0 833) = 6 03 
Correcting for sulphur, the ratio is 5.57, the lowest value which 
can possibly be ascribed to it from the ultimate analysis. Since 
the ash from the furnace was 8 61 per cent of the dry fuel fired 
and contained 15 1 per cent carbon, 2 16 per cent of the carbon 
m the fuel remained unburnt in the ash Hence, the ratio of 
C/net H 2 in the flue gas should be 5 89, 01 corrected for sulphur, 
5 45. 

^ Assume for example a gas consistmg of 11 cc of CO 2 and 90 cc of other 
non-acidic gases When 101 cc are introduced into the Orsat, 1 cc of this 
CO 2 may well dissolve, leavmg what is apparently 100 cc sample There 
win therefore be a shrinkage of 10 cc over caustic When the sample is 
returned from the caustic to the burette the volume will gradually increase 
owing to the escape of the CO 2 from the water into the gas due to its lowered 
partial pressure, but on the second or third treatment of the gas with caustic 
the volume will agam return to 90 cc This is one cause of the apparently 
slow absorption of CO 2 in caustic m gas analyses It will be noted that the 
analysis is apparently 10 per cent CO 2 whereas actually there were nearly 11 
per cent in the sample 
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The flue gas analysis is given in the table below 


whence 


C O 2 


C 02 

10 

04 

10 04 

10 

04 

02 

9 

04 


9 

04 

CO 

0 

10 

0 10 

0 

05 

N 2 

80 

82 







10 14 

19 

13 



O 2 from air 

=80 82 (20 9)/79 

1=21 

355 



02:i>net H 2 

in fuel = 

2 

225 



Net H 2 = 


4 

45 



C/net H 2 = 

10 14/4 45 = 

2 

28 


It IS seen that the gas analysis gives a latio of carbon to net 
hydrogen less than half the real value The unburnt combustible 
in the ash gives an error of this sign but to explain its magnitude 
by such an assumption would mean that 60 per cent of the carbon 
m the coal remained unburnt in the ash. The error actually 
arises from the fact that the CO 2 determination m the flue gas is 
low by about 1 per cent If one assumes the CO 2 value higher 
by that amount the analyses check. Mercury in the burette 
would have avoided this error 

Note that since the amount of the flue gases is figured from a 
carbon balance this introduces an error of 10 per cent in calcu- 
lating them and hence a similar error in getting the stack losses 
m a heat balance The latter is no unimportant matter. 

A point, failure to appreciate which sometimes offers difficulty, 
is the fact that a gas analysis, even when made over water, is none 
the less an analysis on the dry basis. Since at room temperature 
the gas measured in a burette above water is over 3 per cent water 
vapor this fact is not obvious It must, however, be remembered 
that all measurements are made at the same temperature and 
therefore with the same partial pressure of water vapor in the gas, 
so that if haff the gas is absorbed by some reagent, half the water 
vapor in the gas as originally measured condenses out. It is as 
though the analysis weie carried out, not at atmospheric pressure, 
but at a constant pressure equal to atmospheric less the vapor 
pressure of water at the temperature of the analysis. Where the 
analysis is carried out with mercury it is necessary to have a drop 
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of water present to keep the gas saturated or else to dry the gas 
completely before measuring, since otherwise the partial pressure 
of water vapor in the gas would vary with that over the absoib- 
ents employed 

6 RECOVERY OF WASTE HEAT FROM FURNACES 

In every furnace leaction it is required either (a) to heat the 
chaige up to some specified temperatuie (calcining reactions, and 
the like), or (b) to furmsh at such a specified high temperature 
the heat necessary to carry out some leaction {e g , decomposition 
of limestone, fusions, etc ) In either case a defimte amount of 
heat is required at or above a definite temperature When a fuel 
IS burned, the maximum temperature attainable is limited by 
either (1) the temperature at which the reversal of the combustion 
reactions becomes serious, or (2) by that temperature to which the 
heat set free by the combustion will raise the products of com- 
bustion By the use of a given fuel it is impossible to exceed the 
temperature limit fixed by the first of these conditions but it is 
possible to avoid the second 

Furthermore, since the oxygen essential for combustion, com- 
ing as it does from the air, brings with it nearly four times its 
volume of inert nitrogen with its large heat absorption capacity, 
it IS not surprising that very frequently the second of these 
hmiting conditions is the important one. In illustration assume 
a producer gas whose heat of combustion will raise its own com- 
bustion products to only 1500^^ C. If now it be required to use 
this gas to carry out a reaction at 1400°, it is evident that but a 
small fraction of its heating value wiU be usefuUy available, as 
most of it win be wasted as sensible heat in the flue gases If, 
however, this waste sensible heat be utilized to preheat the charge, 
fuel, and air to a temperature at least approximately that of the 
reaction, 1400°, most of this heat may be usefully recovered, and 
the fuel consumption of the process reduced to a small fraction 
of that otherwise necessary. 

Counterflow 

To accomplish this effectively it is evident that the principle 
of counter current flow of the materials between which this inter- 
change of sensible heat is desired must be employed, % e , that the 
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heat content of the waste products, while still very hot, must be 
used only to attain the final incienient in temperature in the in- 
coming materials while the prelmiinary heating of these mateiials 
must be accomplished by heat flow from the reaction products 
after the latter have been considerably cooled 

The utilization of this piinciple of waste heat recovery is essen- 
tial in the efficient operation of all high temperature furnaces 
Even in the most common low-tempeiature furnace — the steam 
boiler — it is successfully employed in the economizer used to 
preheat the feed water with the waste heat in the stack gases 
The simplest means of realizing these conditions is to allow the 
gaseous combustion products to flow over and through the incom- 
ing solid or liquid charge in diiection opposite or counter to the 
motion of the charge, while the air essential for combustion enters 
in contact with the hot solid or liquid products of the furnace 
reaction, here again the motion of the two being counter to each 
other 


Dietzsch Kiln 

Such methods of heat regeneration particularly applicable to 
direct-fired furnaces which, though effective and much used abroad, 
have been little employed in the United 
States, are illustrated by the Dietzsch 
kiln and the Hoffman ring furnace 
The simple shaft furnace m which 
charge and fuel are fed at the top does 
not permit of effectively preheating 
the charge and coohng the waste gases, 
because combustion would start near 
the top and leave no space for pre- 
heating 

The Dietzsch kiln is a shaft furnace 
so designed that the fuel is admitted 
half-way down the shaft, and thus 
prematuie combustion is avoided 

It consists of a vertical shaft fur- yig 54 —Dietzsch Kiln 
nace having a horizontal middle por- 
tion or shelf as shown in Fig. 54. The charge is introduced at 
A, and descends through the shaft to the platform Here it 
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IS mixed with fuel intioduccd thiough D and diops into the shaft 
C Air IS drawn m thiougli E Active combustion takes place 
at the top of C, the hot flue gases pi cheating the chaige in A, 
while the hot leaction mass descending through C to the dis- 
charge E pi cheats the incoming air Tests lun on such hu- 
naces show a very high fuel economy but operating labor costs 
are excessive 


Hoffman Ring Furnace 

The Hoffman ring furnace is extremely efficient, and has added 
advantages in all industnes which demand a period of gradual 
heating up and slow cooling It is gratifying to note the increas- 
ing applications of this aiiangement in American industries As 
originally developed for solid fuel it consists of a circular, elhp- 



Fig 55 — Hoffman Ring Furnace for Solid Fuel 

tical, or rectangular gallery, built around a central flue This 
gallery (Fig 55) is divided into separate chambers, each con- 
structed with side openings, a door on the outside, C, and a 
flue D to the central stack, A, and so provided with diaphragms 
and dampers that any passage may be closed at will 

In opeiation, combustion is earned on in only one chamber 
at a time The two chambers opposite this aie in the process of 
charging and discharging, and all the others are either being 
heated up to the combustion temperature by flue gases oi aie 
themselves cooling and thereby preheating air for combustion 
Air enters through the door of the discharging chamber (No. 1 
in a series of 14 m the furnace shown) and is drawn through the 
adjacent chambers in series (2, 3, 4, 5, 6) until it reaches the active 
one (7), these chambers contain burned product which preheats 
the air and is itself cooled. From the active chamber the hot flue 
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gases pass through chambers 8, 9, 10, 11, 12 and 13, heating up 
the unburned charge there, and finally pass to the stack through 
the flue D in chamber 13 No 14 is meanwhile being recharged 
and IS totally shut off from the rest After ignition m the active 
chamber is completed the adjacent one which has not been 
burned (8) is then made active by admitting fuel to it through 
holes in the top, the newly chaiged chamber (14) is admitted to 
the senes by connecting it to the stack and to 13 and closing the 
flue fiom 13 to the stack, the discharged chamber (1) is charged, 
and the coolest burned chamber (2) is opened to the air and 
discharged 

It is obvious that very eflScient countei -current action is ob- 
tained m this furnace and therefoie the heat consumption is ex- 
ceedingly low Pre-ignition is avoided by not admitting the fuel 
until the chamber is ready to be burned The chief disadvantages 
encountered aie high initial expense and labor costs, and the 
mechanical stresses set up by repeated heating and cooling 

The Hoffman ring furnace is operated most smoothly and 
efficiently with gaseous fuel, and all modem constiuction, at least 
in this country, is of this type. The gas may be admitted to a 
number of chambers simultaneously, thus avoiding localized 
overheating. Because of the very efficient preheating of the air 
used for combustion, high temperatures can be successfully 
realized even with a fuel of low heating value (producer gas), and 
the large volume of gas flowing through the chambers gives 
uniformity of heat distribution. A gas-fired furnace is shown m 
Fig 55A 

These furnaces must be built carefully, to provide for the 
repeated expansion and contraction m each chamber. Especially 
where high temperatures aie to be employed, only the highest 
grade refractories can be used in construction, 

Rotaey Kiln 

By the use of powdered coal in a blast of air it has become 
possible to introduce solid fuel into a furnace with perfect regu- 
larity, and by providing a means of passing the flame produced 
through the charge efficient heating is realized. This can be done 
in a rotary kiln, consisting of a boiler-plate, tubular shell from 
30 to 220 ft. long, 6 to 12 ft. in diameter, and lined with fire brick 
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or other resistant matenal the choice of refiactoiy depending 
upon the reaction to he earned on The charge is heated by intro- 
ducing centrally into the kiln a stieam of powdeied coal injected 



Fig 5oA —Hoffman Emg Furnace for Gaseous Fuel 


The fuel is distributed through a central flue from -vthich con- 
nection IS made to the chambers under fire by means of a number 
of inverted U~tubes, each of i?vhich is inserted into a hole in the 
main flue and into the top of one of the distributing flues around 
the chambers The control valves are located in the U-tubes From 
each of the latter flues a large number of distributing ports lead to 
the chamber m order to provide uniformity of gas distribution 
Furthermore a number of these distributing flues are fed simultane- 
ously, only a small amount of gas going to each, to avoid localized 
overheating From the proper chamber connection is made to the 
stack by a method similar to that used in distributing the fuel The 
holes into which the distributing XJ-tubes fi.t are covered when not 
in use 

All flues must be liberal m size in order to avoid excessive friction 
with the laige amount of air and gases to be handled In order to 
insure uniformity of heating and cooling especial care must be exer- 
cised in packing the charge and m the construction of the ports in 
the separating walls between chambers as well as in the distribution 
of the producer gas delivered to the chambers under fire 



with air, and by slowly rotating the furnace, thus causing the con- 
tents to constantly follow the shell toward the top and drop or roll 
through the flame Fuithennore, if the furnace be inclined at a 
moderate angle from the horizontal, the material is regularly 
moved forward until discharged Such a furnace may be operated 
either parallel or counter current, and charged either intermit- 
tently or continuously. Operated counter current it obviously 
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gives some heat recoveiy but fai infeiior to that of the img fur- 
nace because of pooier contact between charge and gases Its 
great advantage is low opeiatmg and labor expense and it con- 
sequently IS of unusual importance in this countiy where fuel is 
cheap and labor high 

As discussed on p 211, the most rapid transfer of energy takes 
place when it is m the form of radiant heat Powdered coal 
furnishes an ideal source of this form of energy and this type of 
furnace seems to be capable of much larger utility than it at 
present enjoys If the charge is a liquid or a liquid suspension 
it may be atomized by a spray nozzle into the combustion space 
and both evaporation and combustion, calcination or other chemi- 
cal reaction carried on with great rapidity, if a fine powder, it may 
be agglomerated into small pellets or lumps, by tumbling it with 
a small amount of suitable binder such as tar or sodium silicate 
solution The mechamcal devices for supporting the shell and 
for taking up the downward thrust due to rotation, and the driving 
mechamsm have all been thoroughly developed and are easily 
obtained on the maiket 

One disadvantage incident to the ordinary type of rotary kiln 
is the difficulty with which an efficient heat legeneration system 
for preheating the air can be employed m connection with it 
Such difficulties are, however, by no means insurmountable, and 
it IS but a question of time when the economy in fuel wiU com- 
pensate for the expense of such an installation 

If the clinker and ash from the solid fuel used m these furnaces 
IS objectionable from the point of view of the product, it is obvi- 
ous that they must be fired by gaseous fuels Solid fuels may, 
however, be used by providing a fire box and grate apart from 
the reaction chamber, and leading the flame over a bridge wall 
to the charge. 


Tunnel Kiln 

Another type of furnace which, hke the above, gives counter- 
current flow of charge on the one hand, and air and flue gas on the 
other, and hence offers excellent heat regeneration in the furnace 
itself, is the tunnel hln It has been developed in recent years 
for firing materials that cannot be tumbled, as in a rotary kiln. 
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and yet which lequiie a shoitei time of heating and cooling than 
the cycle of a iing fuinac‘e It consists of a tunnel; thiough which 
aie pushed a nunibei ot tiiuks caiiymg the chaige The tiiicks 
run on a steel tiack and lunning gear, but the whole supeistiuctuie 
on the tiuck may be of lefiactoiy niateiial; and the lowei pait 
piotected fiom the heat by the shape of the tunnel; or in some 
cases by the use of a seal consisting of a trough filled with sand; 
into which dips an apion attached to the body of the tiuck 
These kilns are usually gas fiied; the fuel being admitted near the 



Fig 56 — American Dresslei Tunnel Kiln 

The streams of arrows indicate the “thermo-syphon.” circulation of the gases This 
reverses direction in the heating and cooling zones 


middle of the tunnel They offer excellent control of the heating 
opeiation, and are successfully used up to 1400° C. They repre- 
sent an extremely important phase of modern furnace development 
In cases m which the charge is small in amount; or in which it 
IS inadmissable to bring charge and combustion products into 
contact because of chemical interaction (as is usually true in the 
use of muffies and retorts), the sensible heat of the gaseous prod- 
ucts of combustion must be employed to preheat the fuel and air. 
Actual contact is here out of the question, but two means are 
available to effect the heat recovery. In the first fuel and air may 
enter separately (to avoid premature combustion) through 
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suitable channels in a pieheatei, sepaiated fiom the combustion 
products by paitition walls through which the interchanged heat 
flows, the motion of the combustion products leaving the furnace 
being opposite or countei to that of incoming fuel and an. Such 
IS known as the recupeiative system of heat lecovery or pre- 
heating Its value IS seriously limited by the fact that for high- 
temperature tuinaces no cheap metal is available for the partition 
walls which will withstand the coiiosive action of the hot gases, 
while the lefiactory eaithenwaie ducts which must in consequence 
be employed are expensive, fragile, poi- 
ous, and poor conductois of heat This 
system is therefore not widely used but 
affords a umfoimity of preheating ob- 
tainable m no other w^ay 

The othei means available for heat 
lecovery m such cases consists in allowing 
the combustion pi oducts to escape through Sectional ^Ele- 

and heat up chambeis filled with refrac- of Dressier Tun- 

tory material m the foim of checker- i^tion of Gases thiough 
work,’’ as laige in amount and wnth as the Stock 
large a surface as possible, while the 

incoming air and fuel (if gaseous) are preheated by passage 
through similar chambers previously heated in this same way. 

It IS necessary to provide only two channels for the fuel 
gas and two for the air While one channel of each pair is being 
heated by the flue gas leaving the furnace, the othei two aie 
being cooled by the incoming fuel gas and air. Or, to state 
it in another way, while the flue gas is giving up its valuable heat 
to the biicks of two of the chambers, the bricks of the other two 
are returmng the heat to the gas and an to be cariied back into 
the furnace This is the regenerative system of heat recovery, 
but a more accurate teim would be a leusing ” system. By 
periodically changing the channels from hot flue gas to cold air 
and fuel gas by the use of butterfly valves, a great amount of 
heat otherwise lost is retained in the furnace cycle It has the 
advantage in construction simplicity, but requues constant atten- 
tion in operation and gives temperature fluctuations caused by 
the tempeiature variations of the chambers during each cycle. 
It would at first appear that this system does not offer the ad- 
vantages of counter-current operation, but if air and fuel gas flow 
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through the chambers in a direction opposite to that of the com- 
bustion products, effective counter-current action is realized. 
The hot flue gases entering the first end of the chamber bring this 
end up to a high tempeiature, but the other end attains only a 
moderate heat since the flue gases have already cooled to a gieat 
degree; upon reversal, the cold air flowing m the opposite direction 
is first warmed by contact with this other relatively cool end of 
the chamber, but is finally raised to the highest possible tempera- 
ture by contact with the hottest bricks m the first end. 



Combustion Produds Pud Oas Air 


Fig 57 — Open-Hearth Furnace with Kegenerative Checkers 

Reversing valves and connecting flues are not shov-n Attention should be called to 
the fact that the air chambers are larger than those for gas because of the larger volumes to 
be handled The construction of the furnace itself is of extreme importance in order to 
secure umform distribution of the flame throughout the furnace 


In one special case, that of the iron blast furnace, while it is 
absolutely necessary to preheat the air needed for combustion in 
order to produce the large quantity of heat required at the high 
temperature essential foi’ the fusion of the iron, neaily all the 
sensible heat of the furnace gases is used up m preheating the 
charge of ore, flux, and fuel in the upper part of the shaft of the 
furnace itself, and little is left to preheat the air. In this case a 
series of chambers or stoves of the regenerative type is used, 
these being heated by burning in them a part of the waste fuel 
gas from the top of the blast furnace itself. These stoves are tail, 
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cylindrical steel shells, lined with fiiebiick, and filled with fire- 
biick checkeiwoik or flues 

Regenerative fuinaces must be carefully built of highly lesist- 
ant brick, so placed as to secure good contact of buck surface 
with the gas, yet in such a way as not to introduce too great 
resistance to flow, and so designed as to resist the expansion and 
contraction with temperature changes to which they are subjected 
Fortunately, as pointed out above, the temperature changes 
at any one spot are not excessive They aie placed some- 
times beneath, sometimes beside the furnace, and are usually 
rectangular. High heat conductivity, produced by high gas 
velocity, can be secured, though at the expense of increased fric- 
tional resistance, by having them long and nairow, but exigencies 
of construction often make this 
impracticable. 

The effectiveness of regenera- 
tive checkers m lecovering heat 
depends directly upon the coeffi- 
cient of heat transfer between the 
checkers or flues and the gases 
which pass through them Dur- t 
mg the heating up of the checkeis ^ 
they are at a tempeiature lower 
than the hot flue gases passing J 
through them to the stack The 
heat picked up from these gases 
and consequently the tempera- 
ture to which they fall before 
reaching the stack is conti oiled 
by the existing tempeiature differ- 
ence between the checkers and 
gas and by the coefficient of heat 
transfer Similarly the average 
temperatuie to which the checkeis 
fall during the air blow depends 
upon the heat transfer during this part of the cycle. The periodic 
reversal of direction of heat transfer makes calculation somewhat 
complicated. 

The curves in Fig 58 indicate diagrammatically the tempera- 
ture conditions in a regenerator in which it is assumed that the air 



Fig 58. 
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entei.s at the bottom and leaves at the top while the flue gases 
flow downwaid m the opposite diicetion The uppci of each 
of the thiee sets of cuives indicates tlic tenipciature conditions 
at each paiticular point in the regeneiator at the end of the heating 
cycle just piior to reversal of the valves or at the beginning of the 
air blow- The lower cmve of each pan indicates the coiiesponding 
conditions at the end of the an blow oi just aftci the flue gases 
are turned through the checkerwoik At the start of the air blow 
the biickwork is hot and the air temperature curve is therefore 
high As the air blow progi esses the brickwork cools off and the 
an tempeiature curve falls correspondingly The average tem- 
perature reached by the air is indicated by point c After reversal 
the flue gases entering the cool checker are lowered in temperature 
as indicated by the lower of the cuives, adi However, as the 
brickwork uses in temperature the heat recovered from the flue 
gas IS lessened and temperatures finally lise to a point indicated 
by the upper of the two curves, ad 2 The average temperatuie of 
the gases going to the stack is d 

The average difference in temperature between the brickwork 
and air during the air blow, and between the hot gases and the 
brickwork after reversal, does not change greatly from top to 
bottom of the regeneratoi It is theiefore allowable to use an 
arithmetic mean temperature difference for the aveiage tempera- 
tuie diffeiences in the system In other words it is allowable to 
write 

Average temperature diffeience between gas and brick, 




{a-f) + {d-e) 
2 


( 1 ) 


Average temperatiire difference between brick and air, 


Within the velocity ranges encountered it is allowable to assume 
the coeflScient of heat transfer proportional to the velocity. 

hG=aNG/Am, hA=aNA/AM, . . ( 3 ) 


The total heat quantity transferred per minute from hot flue gas 
to the brickwork is 


Naia—dYs 

m 


aNQB 'a~/+d— e" 
Am 2 


( 4 ) 
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and similarly from brick to an, 

NA(c-h)S_a]N^ Blf-c+e~hl 
M AA[ L 2 J 


( 5 ) 


Adding Eqs 4 and 5, one obtains 
(a-d)s+(c-h)S = 


aB\ 


a—c+d—b 


The heat balance per cycle is as follows 


( 6 ) 


Ng {a — d)s~Rg — Na {c — h)S+Ra = P'wN (6a) 

where Rg and Ra represent the heat lost per cycle, by radiation 
and conduction to the surroundings, on the gas and air blow's, 
respectively 


Nomenclature 

(All quantities are averages per cycle ) 

a = temperature of entering hot blast °F 
6 == temperature of entering air 
c = temperature of leaving air °F 
d = temperature of leaving hot blast ®F 
e = temperature of brick at cold end °F 
/= temperature of brick at hot end °F 
iVG! = mols of hot gas per cycle 
N A =mols of air per cycle 
p— sp ht of checkerwork 
m — minutes on gas side 
M = minutes on air side 
5=molal heat capacity of gas 
S = molal heat capacity of air 
A = av free cross-sectional area in sq ft 
B = total heating surface exposed in sq ft 
= coefficient of heat transfer between hot gas and brfck. 

Ka = coefficient of heat transfer between brick and cold air 
W ==lbs brickwork in the regenerator 
A = average fluctuation in temperature of checkerwork 

In any problem in design the quantities a, and the ratio of 
Na/Ng are given by the very conditions of the furnace operation 
for which the regenerative system is to be constructed. In gen- 
eral too, either c ov'd is fixed, the former by the amount of pre- 
heating it is desired to secure in the air or the latter by the allow- 
able temperature to which the flue gases may be dropped without 
interfering with stack draft. Whichever of these two quantities 
IS known the other may be calculated immediately by the heat 
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balance of Eq (6a), which involves radiation losses By com- 
bination of Eqs (4) and (5) one secures the following expression 
for f+e which appears in both of them- 


, . _ S{a+d) (c-b)+s (a-d) (c -b) 

s{a—b)+S(c—b) 


(7) 


The allowable rise and fall in temperature of the brickwork from 
its maximum to its minimum points is determined by the allow- 
able fluctuation m the temperature of the preheated air or of the 
flue gases going to the stack The brickwork temperature will 
vary about half as much as these gas temperatures. Inserting 
this allowable fluctuation in brickwork temperature (A) into 
Eq 6a, one obtains the ratio of the amount of brickwork in the 
regenerator to the amount of gas per cycle, W/Ng. Theoretically 
one can give to W and No any values desired. If both be small 
the regenerator must frequently be reversed The larger the 
regenerator {te ,W) the less frequently is this necessary. Once 
W is chosen. No is fixed from (6a) The ratio of B/A is deter- 
mined by Eq (6), which calls for the coeflflcient a 

The majority of blast furnace stoves uses flues rather than 
checkers From a relatively large number of tests of such equip- 
ment^ the value of a is found to average 0.07 when the stoves are 
clean and to fall to 0 04 or even lower when the stoves are dirty 
If one calculates from these values the ordinary coefficients of 
heat transfer one finds them approximately twice those given 
by the Dixon equation (p. 149) This is probably due to the 
marked roughness of the flues Checkerwork regenerators in 
which the gases flow in a staggered path around the bricks give 
values of approximately 0 6 The coefficients for checkerwork 
are somewhat more than double those given by the equation for 
staggered flow (p. 152), and the reason is probably the same 
The pressure drops through such checkerwork or flues can be 
estimated in the usual way (p 93) In this country the veloci- 
ties employed are very low (5 to 10 hnear ft per second) because 
dependence is usually had upon stack draft. As the cost of fuel 
goes up the necessity for heat recovery will mcrease, regenerators 


^ Johnson, “Blast Furnace Construction,” McGraw-HiU Book Company, 

l nc, 1917, p. 230 Diehl, Eng. Soc W Pa, Dec., 1912 Litinsky, 
Feuerungstechmk, 1917, V, p. 149 Maccoun, Yearbook Am. Iron and Steel 

l nd , 1915. 
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will be built largei or else be operated at higher gas velocities, and 
the necessaiy piessuie drop will be overcome by forced draft 
An consists of 79 1 per cent by volume of nitrogen Since the 
specific heat is neaily the same as that of oxygen, it may be seen 
that a great saving m heat could be effected if the ox^’-gen content 
of the air used could be increased For some pm poses this will 
be accomphshed with much profit in the near future This possi- 
bility of saving IS, howevei, a practical rather than a theoretical 
one, as it should be possible by the methods of recovery just 
described to preheat all the mtiogen enteimg the furnace with the 
sensible heat of that leaving it, but the present preheaters required 
are large, expensive and relatively inefficient 

. , 7. CALCULATIONS ^ 

The geneial methods of thermal calculation of furnace prob- 
lems will be illustrated by the following computations on a gas- 
fired continuous preheating furnace 


TEST DATA 


Duration of test 

12 hours 

Stock fed, total 

542,020 lbs 

Av temp of stock fed 

86° F 

Ave temp of stock discharged 

1167° C 

Ave sp ht of stock 

Fuel gas consumption, saturated with water vapor at 86° F 

0 153 

and 29 5 in bar 

B t u per cu ft of gas (water condensed) at 86° F and 

1,301,000 cu ft 

29 9 in bar 

517 ' 

Ave fuel gas temp (100 per cent rel hum ) 

86° F 

Ave air temp 

00 

o 

Ave air rel hum 

53 per cent 

Ave gas temp entering stack 

Average gas analyses 

843° F 



Leaving Furnace 

Entering Stack 

CO 2 

8 24 

4 51 

O 2 

1 15 

12 05 

CO 

5 34 i 

0 12 

N 2 

85 27 

83 32 

Total (dry basis) 

100 00 

100 00 


^ See also under Gas Producers, pp 257 to 259 
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Fuel Gas (Dry Bashs) Per cent 

CO. 2 3 

Illuniiiuuus 3 3 

O, 0 1 

CO 7 0 

H2 53 0 

CH4 29 0 

N2 5 0 


Preliminary Calculations 


fl) Basis 100 uiols of dry fuel gas 


Gas 

Mols 

1 

Atoms C 

Mols Ho 

Mols O2 

CO2 

2 3 

2 3 


2 3 

111 

3 3 

9 9 

9 q 


O2 

0 4 



0 4 

CO 

7 0 

7 0 


3 5 

H2 

53 0 


53 0 


CHi 

29 0 

29 0 

58 0 


N. 

0 0 




Totals 

100 0 

4S 2 

120 9 

6 2 


Taken as equivalent to C gHo 


(2) Basis 100 m 

ols dry due gas at furnace 



Gas 

Mols 

Atoms C 

Mols H2 

Mols O2 

CO2 

8 24 

8 24 


8 24 V 

O2 

1 15 



1 15 

CO 

5 34 

5 34 


2 67 

N2 

85 27 




Totals 

100 00 

13 58 


12 06 


(3) Basis 100 mols dry flue gas at slack 


Gas 

Mols 

Atoms C 

Mols H2 

Mols O2 

CO2 

4 51 

4 51 


4 51 

O2 

12 05 



12 05 

CO 

0 12 

0 12 


0 06 

N2 

S3 32 




Totals . 

100 00 

4 63 


16 62 
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Ratio of an to fuel qas — Basi^ 100 mols dry fuel gas 

(1) At fianacc 

By carbon balance 

48 2=0 13582/, whence y~So5 mols dry flue gas 
By nitrogen balance 

0 791:c+5 0 = 0 8527 (355), hence :r=377 mols dry air, 
= 3 77 mols dry air per mol of dry fuel gas 

(2) At stack 

48 2 = 0 0463i/, ?/= 1040 mols dry flue gas, 

0 791:1+5 0 = 0 8332 (1040), ?/= 1088 mols dry air, 

"TcftP ^ of dry fuel gas 


(3) Flue leakage — The increase m air from furnace to stack is obviously 
leakage Since the basis is fuel gas, air quantities may be subtracted dnectly, 
i e , the in-leak of dry air is 10 88 — 3 77 = 7 11 cu ft /cu ft of diy fuel gas 

120 9 

Mols O 2 theoretically required for fuel = 48 2 (for carbon) H — — (for H 2 ) 

2 

= 108 65 Since the fuel contains 6 2, the difference, 102 45 mols O 2 , requires 
102 45 

--— = 491 mols of dry air 

0 209 

Mols dry air in flue gas per mol of dry air theoretically required 

(а) Leaving Furnace 

-^^ = 0 768, excess air = —23 2 per cent 

(б) Entering Stack 

--£^- — 2 22, excess air = +122 per cent 

Overall Heat Balance, Basis = 12 hrs 
(29 5 — 1 248) 

1.301.000 _ ■ ■ — —— =1,285,000 cu ft sat fuel gas at 86° F and 
(29 9 — 1 24o) 

1 atm , since pressure of water vapor at 86° F = 1 248"' 

Input {in Fuel Gas) 

(1,285,000) (517) =664,000,000 B t u 

(492) 

1.285.000 — — =3220 mols sat fuel gas 

’ ’ (546) (359) ^ 

1 248 

3220 = 136 5 mols moisture in fuel 

29 5 


3220 — 136 = 3084 mols dry fuel 

(100) (136 5)/3084 = 4 42 mols moisture per 100 mols dry fuel 
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Mols water fiom hiamuq 100 mols dry fuel = 120 9 

Total from 100 dry fuel =120 9+4 42+125 3 

Partial presbure of watei in an =(0 53) (1 24S) =0 662 m mercury 

Paitial pressure of air =29 5—0 66=28 84 in mercury 

^1088) (0 662) ^ ^ 

Moisture from air = — =24 9 mols 

28 84 

Alois Moisture in Stack gas 

From fuel = 125 3 
From ail = 24 9 

Total 150 2 

Latent Heat up Stack — 12-Ar Basis 
3084 

(120 9) (18) (1043) =70,000,000 B t u 

100 


Potential Heat up Stack — 12+r Basis 

(3084) (1040) (0 0012) (68,000)* (1 8) . ... . 

=4,710,000 B t u 


* 68,000 gm cal evolved by burning 1 gm mol of CO to CO 2 

Sensible Heat up Stack Above 86° F , per 100 Mols Dry Stack Gas 
Sensible Heat, B t u per Mol 


Gas 

Pound 

Mols 

At 843° F 

At 86° F 

Difference 

B t u 
Loss 

CO 2 

4 51 

8,200 

536 

7,664 

34,600 

CO, O 2 , N 2 

95 49 

5,680 

384 

5,296 

505,000 

H 2 O vapor 

14 44* 

6,800 

492 

6,308 

91,100 

Total 





630,700 


* (150 2/10 4) = 14 44 mols total H2O vapor per 100 mols stack gas 
Total Sensible Heat up Stack above 86° F — 12-hr Basis 


(3084) (10 4) ~ iQQ =202,400,000 Btu 

Heat into Charge — 12-hr Basis 

(542,020) (0 153) (2135-86) = 170,000,000 B t u 
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Distribution of Heat 



B t u /12 hrs 

Per cent of Input 

Input (m fuel) 

664,000,000 

100 0 

Output 



Into charge 

170,000,000 

25 6 

Stack losses 



(a) Potential 

4,710,000 

0 7] 

(5) Latent 

70,000,000 

10 6 [ 41 8 

(c) Sensible 

202,400,000 

30 5 ] 

Unaccounted (radiation, cooling water, etc ) 

216,890 

32 6 

Tof aJ output 

1 

664,000,000 

100 0 



CHAPTER VIII 


GAS PRODUCERS 

As pointed out on p 202,pioducei gas, the product of controlled 
piiniar}’' combustion of coal with a thick fuel bed and with steam 
mixed with the piimar}'' an, is of inci easing impoitance m indus- 
trial furnaces Pioducer gas is the logical development of the 
“ long-fiame combustion of fuels with suppiession of piimary 
combustion and increase of secondaiw As m the case of coal- 
hied furnaces the steam is used to make possible the utilization 
of low volatile fuels and the gasihcation of all the combustible 
mattei of the fuel and not merely of the volatile combustible 
The gas producer lepiesents the isolation of piimary combustion 
under conditions of exact control, thus lendeimg it unnecessary 
to compiomise in design and operation betw^een the demands cf the 
gas-pioducing apparatus and those of the furnace itself Each 
may be constiucted and run to the best possible advantage for 
its own pm pose ii respective of the othei Consequently modem 
construction is to an ever-mci easing extent discarding the direct 
use of coal in the furnace For example, lime kilns hied with 
producei gas have been installed and are proving successful 

From the discussion on p 202, it is obvious that a gas producei 
must operate with a thick fuel bed The oxygen of the an burns 
to CO 2 extremely rapidly, raising the bottom of the fuel bed to a 
very high temperature. This temperature is lowered by the pies- 
ence of the steam, largely due to its diluent effect, since the rate 
of interaction of steam wuth carbon is slow compared with that 
of oxygen and also since any h 3 "drogen foimed would be laigely 
le-oxidized as long as oxygen is pi esent, because of the high rate 
of this last reaction As soon as the oxygen has disappeared, 
however, carbon begins to i educe both steam and CO 2 as indi- 
cated on p. 194. Because all these reduction reactions absorb 
heat the fuel bed is chilled thereb}’' There is therefore a sharp 
temperature gradient in the fuel bed, heat flowing rapidly by both 

24a 
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radiation and conduction fiom the lower layer of the bed (the 
oxidizing layei of CO 2 foimation) up to this reduction zone 
This tends to keep down the tempeiatuie of the oxidation zone, 
but that tempeiatuie will rise rapidly with mciease of combustion 
rate, because the heat evolution due to inci eased CO 2 foimation 
will be gi eater than can be dissipated to the 1 eduction zone. 
Since, as will appear latei, one of the most serious difficulties in 
gas produceis comes from fusion of the ash, it is necessary to have 
the steam quantity high and the combustion late low in older 
to keep down the tempeiature in the oxidation zone because this 
IS the very point wheie the ash is being deposited. It is on this 
account that gas pioducers cannot in geneial be forced above a 
combustion rate of 20 lbs of coal per sq. ft of cioss-section of 
fuel bed per hi , while with many coals with low-fusing ash, rates 
of 10 to 15 lbs cannot be exceeded with safety 

Where the hot gas uses thiough the cold fuel the latter is dis- 
tilled m the entue absence of air If the tempeiature of this dis- 
tillation IS low, as is usually the case, large quantities of tai are 
foimed, the removal of which is one of the serious pioblems of gas 
producer operation Where the temperatuie is higher these 
hydrocarbons aie cracked wnth formation of soot, almost equally 
obnoxious W^heie the hot gas can be led diiectly from the pio- 
ducer to the furnace (raw producer gas) these impurities may not 
be a serious pioblem The formation of this tar and soot can be 
eliminated by drawing the air down through the fuel bed but the 
mechanical difficulties encountered have in the past proven 
sufficiently seiious so that this type of pioducer is not widely used 

The methane and traces of illuminants m producer gas come 
mainly from distillation of the fuel and are therefore highest in 
high-volatile, high B t.u coals. 

From the discussion on p. 194, it is clear that a producer op- 
erated at low temperature wiU give relatively large quantities of 
CO 2 and less CO and hydrogen, in other words a low B.t u. gas. 
The higher the temperature the greater the capacity of the pro- 
ducer and the higher the heating value of the product. Since the 
temperature of operation is hmited by the temperature of fusion 
of the ash the value of a coal for gas-producer operation depends 
largely thereon 

Where producer gas is cleaned or piped any great distance it 
is cooled and the sensible heat of the gas is lost, while raw gas 
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IS used diiectly and this heat oonseived The efhcieiicy of 
conveision of the eneig:^’' of the coal into heating value m the gas 
IS therefore repoited sometimes on a cold/' sometimes on a 
hot " basis It IS convenient to use the cold basis as a standaid 
for compaiisons, even though where conditions warrant the 
additional sensible heat is lecoveiable 

Were no steam used in a coke-fiied producer but the CO 2 
completely reduced to CO the efficiency (cold) would obviously 
be 136 000/2(97,000) or 70 per cent (see p 193) Weie radiation 
eliminated, the 30 per cent heat loss would be the sensible heat 
m the gas Steam reduces this loss by coohng the gas by the heat 
absorption of its decomposition, thereby mci easing the efficiency 
This reaction itself cannot cool the gases below the temperatuie 
at which it takes place at a reasonable rate but by using counter- 
curient flo\v of gas and fuel the gas cooled to this point can still 
be used to preheat the fuel so that the gas can leave the producer 
far below reaction temperatuies Incomplete 1 eduction of CO 2 
and steam, especially the latter, reduces the efficiency, because 
a large quantity of heat is used in vaporizing the water, and is 
not recoverable in piactice Volatile combustible matter m the 
coal greatly increases efficiency since it can be distilled at the 
expense of the sensible heat in the spent gases but increases 
trouble with tar As a result of all these factois the cold efficiency 
of commercial produceis is from 65 to 85 per cent, 70 per cent 
representing average practice 

While steam absorbs pait of the heat of primary combustion 
and converts it into chemical eneigy due to the formation of 
hydrogen and monoxide, the facts that the steam is incompletely 
decomposed and that the heat content of the steam used is so 
great owing to its high heat of vapoiization more than counter- 
balance the advantage gained. In consequence the cold effici- 
ency of a gas producer decreases progiessively as the steam con- 
sumption increases It is therefore desiiable to keep the steam 
consumption down to the lowest point compatible with prevention 
of fusion of the ash and maintenance of a reasonable rate of com- 
bustion in the producer. 

It must be kept m mind that the fuel bed of a producer con- 
sists of four zones, the bottom layer of ashes the function of which 
is to support and insulate the incandescent fuel, the oxidation 
zone where the temperature is very high due to CO 2 formation, 
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the reduction zone where the tempeiature is low due to the heat 
absoiption of decomposition of watei and CO 2 , and the preheating 
and distillation zone where the cold fuel is coked by the sensible 
heat of the gases fiom the reduction zone It is obviously desira- 
ble to have the time of contact of the CO 2 and steam with the 
incandescent coke as gieat and to have the temperature of this 
1 eduction zone as high as possible in ordei to get high percentage 
decomposition into combustible gases 

The I eduction zone gets its heat exclusively fiom the oxidation 
zone and consequently the top part of the 1 eduction zone is at a 
tempeiatuie so low that the late of the reduction reactions is ver^^ 
slight Consequently it is unsatisfactory to try to secure time of 
contact bv gieatly increasing the depth of the fuel bed It must 
be realized by mci easing the cross-section of the producei, ^ c , by 
cutting down the velocity of the gases through the fuel bed and 
reducing the combustion rate This reduces the distance between 
the oxidation zone wheie the heat is generated and the reduction 
zone where it is consumed and therefore facilitates the flow of heat 
fiom the first to the second This mci eases the reduction of CO 2 
and steam, because of the increase in both time of contact and 
temperatuie of the reduction zone In this way it is possible to 
increase the heating value of the gas produced by 20 per cent and 
to mci ease the efficiency of the equipment by a corresponding 
though smaller amount 

It must not be concluded fiom the preceding paragiaph that 
a gas producer should be operated with a thin fuel bed The 
thicker the fuel bed, other things equals the better the results 
because the gi eater the action in the i eduction zone and the more 
complete the recovery of sensible heat in the distillation zone. 
The point is, that increase in time of contact obtained by increase 
in cross-section of the fuel bed is far more effective m inci easing 
the efficiency of the reduction zone than a corresponding increase 
secuied by greater depth 

The maximum temperature allowable m the oxidation zone 
of a producer is from 50 to 200*^ F, below the fusion tempeiature 
of the ash The producer must be fired at a rate sufficiently low 
and with a steam to air ratio sufficiently high to keep the tem- 
perature down to this point. If the ash fuses at 2000° F the 
combustion rate cannot exceed 5 to 6 lbs of coal per sq. ft of 
cross-section of the fuel bed per hr without the use of an excess- 
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ive amount of steam which will lesult m a low efficiency and a 
low B t u gaSj rich in CO 2 . A fusion point of 3000° makes it 
possible to moie than double these combustion lates, reduce the 
steani-aii latio and mciease the 1 eduction, thereby inci easing the 
efficiency. Theiefoie, while it is possible to make producei gas 
with fuels having low-fusing ash, the overhead expense of gas 
production is neailj" double and the quality of the lesulting gas 
lower, in comparison with a coal of high-meltmg ash. Where 
the wear and teai on the hning is the limiting factoi (see p 251), 
a very high-meltmg ash makes it possible to cairy a heavy emer- 
gency overload foi a short time, though at the expense of deprecia- 
tion of the lining. 

The great disadvantage of producer gas is its low heating value 
due to the large amount of diluent nitrogen and undecomposed 
CO 2 Gas with a heating value less than 90 to.95 B t u. per cu ft 
will not support its own combustion without preheating and such 
gas may all too easily be obtained fiom a producer because of diffi- 
culties which will be discussed under operation. An anthracite 
coal should give a gas of 130^to 135 B t u and a good bituminous 
coal will easily produce 150 to" 160 t u The highest grade 
bituminous coal in w^ell-designed producers operated at reasonable 
combustion lates will give 180 B tu continuously and has been 
known to yield 215 B t u under special conditions These excel- 
lent results can be realized, however, only wffiere very complete 
decomposition of the CO 2 and steam is obtained, the CO 2 in the 
resulting gas being brought well below Sygeojent. 

One of the major advantages of the gas producer hes in the 
fact that it can be designed and operated so as to handle low- 
grade fuels, either those with excessive ash (if non-fusing) or of 
low heating value (brown coals, lignites, etc ). In the latter case 
the heating value of the gas is lower It is unfortunate that the 
combined water of these low-grade fuels is driven oS in the dis- 
tillation zone and cannot be utihzed as the source of steam for the 
production of the gas in up-draft produceis. The development 
of thoroughly successful down-draft producers would greatly 
increase the efficiency of decomposition of such low-grade fuels 

The apparatus for making industrial gas by these reactions is 
called a Producer, and consists essentially of. 

1. A container or reaction vessel. 

2. Provision for supplying fuel- 
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3 Provision foi supplying an and steam 

4 Provision foi icinovmg ash. 

5 Provision for leinoving gases foinied 

6. Provision for removing flue dust and tar 

1 The Container. — The container is usually a steel cylindrical 
shell lined with file buck It may be of one stationary piece; or 
one piece rotating on a central axis, or in two parts, eithei or both 
of which may rotate. The top and other vulnerable points are 
generally water cooled. The size varies from 5 ft diameter to 
dimensions of 10 and 12 ft , and the capacity is fi om 500 lbs to 
3500 lbs. coal per hr. The bottom may be a special shaking 
grate, but more frequently the fire bed lests upon a mass of ashes 
which IS supported by a pan filled with water 

It IS a weU-knowm fact that steam has at high temperatures a 
selective disintegrating action on hre buck that is very serious 
Also in a producer the fuel bed is continuously working down- 
ward and thereby abrades the lining Furthermore the ash may 
exert a fluxing action on the lining even below its melting point 
(just as salt will melt ice below 0° C.) Consequently a producer 
lining operates under exceptionally severe conditions and the 
temperature of the oxidation zone must be held down to keep 
the deteiioration within reasonable limits The development cf 
a special refractoiy to resist these conditions would make it 
possible to inciease the efficiency and capacity of producers when 
using coals of high fusing ash. 

2. Fuel Supply. — The supply of fuel may be intermittent or 
continuous; an intermittent feed is more simple from a mechanical 
point of view, but the spasmodic addition of laige quantities of 
green coal leads to an irregular production of distillation gas and 
tar It IS all important that the top of the fuel bed be kept level 
and the mass of fuel uniformly distributed. There is a tendency 
for the larger pieces of the fuel to pass to the outside edge of the 
charge thus creating heie a path of smaller resistance than through 
the centei and causing irregularity of combustion The blast of 
air and steam naturally takes the path of least resistance, and 
when a channel or “ chimney is once formed m the fuel bed, it 
rapidly increases in size owing to the locahzed combustion. This 
is fatal to good operation; first, the intense heat thus set free fuses 
the ash into masses of clinker very difficult to manage, second, 
much steam passes through so rapidly that it does not react with 
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the caibon and, leaving |}h‘ pioducoj jL a In^k tempeiature, 
(•ariies with it lai«e quantities oi , sensible heat, tlinrl, imcoinbined 
an passes thioii^h these (haniiels oi lilow holes and bums at the 
top of the fuel bed causing high CO 2 content and lo\\ ealoiific 
value in the gas Piovision foi inamtaming a bed of icaetmg 
fuel of unifoim deaisitj^ fiee fiom such openings is a inattei of 
impoitance and is aceonpdishcd more 01 less successfull 3 ’- in a 
nmnliei of wa^'s ^-vhu*!! ^\ill be discussed later. 

Coal broken to a unit oi in size of from 1 to 2 in , and fieed 
fioni dust IS the most desiiable size of fuel, although “run of 
mine vhcii ciushed to pass a 4-in mesh or iing is the most com- 
mon m use It seldom, if evei, pa^^s to use stnctl}; slack coal even 
though the fiist cost be vei\’^ low The capacitj" of the appaiatus 
LS cut dovn b}'' the choking of the blast, which must be diiven at a 
highei pressme to foice it thiough the file Blow holes aie on 
this account moie leadily foimed and a hot gas of low calonfic value 
pi educed. Suction produceis aie geneialb" fed with anthiacite 
coal, foi although a gieat deal of work has been done towards 
utilizing soft coal, the high ash, sulphui, and coking chaiacter- 
istics have until lecently pievented its successful use Western 
lignites m laige sizes and Geiman biovn-coal biiquettes give veiy 
good lesults Bituminous coals woik weU in piessure pioducers 
and con&eqiientl}^ anthiacite is burned onl^" m compaiativel}^ 
small plants of this class. 

3. Supply of Air and Water Vapor — Gas Pioduceis may be 
divided into two types accoiding to the method of supplying air 
and steam; m the first the^’" are drawm through b^" means of an 
exhauster or other form of suction, and in the second they aie 
forced thiough piessuie fiom a blowei 01 injector. The 
former aie used chiefly to supply internal combustion engines 
w^heie the vacuum of the cyhnder is directly communicated to 
the pioducer In such cases provision is made for completely 
satuiatmg the an with moistme in an independent apparatus, in 
which the temperature of the satin atmg watei can be con- 
trolled 

In piessme producers the steam supply is usually under high 
pressme and is often used to inject the necessary volume of air into 
the fuel bed It is desirable to be able to control the air fed to 
the producer and the ratio of steam to air independently of each 
other, since the first controls the combustion rate m the producer 
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while the second should be kept substantially constant foi a given 
fuel but be capable of adjustment if the fuel changes With a 
steam mjectoi this contiol is impossible The steam-au ratio 
can be maintained constant either by a thermostatic contiol 
inseited m the mixtme and opeiating the steam valvO; or hy 
humidifying the an with hot water up to a theimostatically con- 
trolled tempeiatuie The steam foi diiect injection or for heating 
the watei can advantageously be obtained from the exhaust of the 
steam-diiven an blower The design of the distributing head 
IS of gieat impoitance inasmuch as an even distribution of the air 
and steam supply is controlling m the operation of the producei. 
In those types in which the fuel rests upon a bed of ashes in a water- 
cooled pan, the distiibutmg injector is placed in the center just 
below the zone of active combustion Obviously suction pro- 
duces must employ some form of giate so designed that the even 
distiibution of the supply gases is insured The formation of 
laige chnkers is directly dependent upon the even distribution 
of this blast. Localized high tempeiature incident to blow holes 
and “ chimneys produces clmkeis, difficult to lemove flora the 
ash bed. When this occurs on the edge of the fuel bed, they stick 
to the wall and may cause the fuel to arch across or “ hang/^ 
thus greatly interfering with regular operation 

4. Removal of Ash. — In suction gas producers and others 
employing grates, the ash is removed by a movement of the grate 
bais In order to compensate for the more easy passage of the 
supply gases at the area of contact between the fuel bed and the 
lining of the shell, the ashes must be somewhat more completely 
1 emoved at the center of the mass than around the edge In the 
various types of pressure producers the evolution from a stationary 
grate, through the rotating or otherwise movable exposed giate 
to grates submerged m water, and finally to the grateless bottom 
m which the ash stands in a pan of water accessible fiom every 
point of its cucumference, has been slow but continuous. The 
periodical removal of the ash and clinker of necessity disturbs 
the file zone and interrupts the production of a uniform gas. 
Hence most modern producers provide for either a large storage 
space for ashes, so as to render removal necessary only at long 
intervals, or for a continuous removal by working the bottom 
towards the outside edge and peiiodically lifting out the exuded 
portion by means of a plow. 
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5. Removal of Gas Formed. — The gas is generally lemoved 
through an outlet in the side of the top of the producer whence it 
passes to the cooleis and sciubbers, usually thiough a water seal 
Attempts have been made to vithdiaw the gas from the center of 
the producer below the upper level of the fuel bed m older to 
decompose the tar by cracking, but the mechanical difficulties 
encountered have lesulted m the abandonment of this type 

6. Removal of Flue Dust, Soot and Tar — Where the gas is to 
be used for operating an internal combustion engine, it must be 
cooled and puiified fiom the dust of the ash, and the soot and tar 
which alwaj's accompany the decomposition of soft coal Until 
very recent times coal tar of any desciiption has not had ready 
sale unless from laige installations, and the logical method of dis- 
position was to retuin it to the body of the producei for fmther 
action, despite the fact that foi many heating purposes highly 
carbonaceous material is particularly advantageous on account of 
the luminous flame produced and the radiant energy set free. 
The principles of removal of liquids and solids from gases are 
taken up in the chapter on Separation and their application here 
IS obvious The distiibution of clean cold gas over wide areas 
can be done under low pressure (1 to 5 lbs ) and does not present 
difficulties of leaks or heat insulation Condensation of tar is 
usually encountered on account of its incomplete lemoval It is 
important to provide suitably located traps for it 

The application of the above geneial considerations in the 
design and operation of modern gas producers will be illustrated 
by a few of the large number of very efiicient machines now 
available 

The Morgan producei consists of a stationary water-cooled 
top equipped with an automatic intermittent fuel door and an 
outlet for the gas. The shell is paitly water cooled and rests upon 
a base with which it rotates while the fuel bed is supported by a 
layer of ashes held in a water-cooled pan. A spiral-shaped bar on 
the bottom causes the ash to travel to the outside rim where it is 
continuously removed by a plow The fuel bed is kept level and 
compact by a heavy bar which floats on top of it and accommo- 
dates itself to any height, distributing the fresh fuel evenly and 
closing up blow holes The blast is forced up under a central 
hood with cowl located in the ash bin. The working capacity of 
the unit is about 2000 lbs. of coal per hr. 
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The Chapman pioducei * astationaiy fehell located above 
a pan of water which selves as a watei seal and which is so shaped 
that the ashes can be hoed out of it without difhcult\" It is fed 
continuously with a latchet-opeiated geai -tooth feed The fuel 
bed IS kept even and blow holes are closed up by a water-cooled 
rake, the prongs of which project into the fuel bed, so that, unlike 



Fig 59 * — Morgan Gas Producer 


the Morgan producer, holes are closed up by sidewise pressure 
rather than by having green coal raked into them 

The Smith producer consists of a seiies of rectangular sections 
side by side, each of which has its own grate and air supply The 
grates slope backwards at an angle of 35 "^ and mechanical stokers 
charge coal through the front waU, building up a single fuel bed 
^ See Fig 60, p 256 

* Courtesy of Morgan Constmction Co . Worcestert Mass 
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for the seiies of sections An, saturated with watei vapoi at a 
definite tenipeuitiue, is diawn up thiough this bed by suction 
and the gas conies oft thiough a cential outlet and is cooled and 
cleaned befoie distiibution 

The Hughes piodueei consists of a i evolving bnck-lmed shell 
with a stationaiy vatei -cooled top caiiymg the chaigmg doois 
and the exit foi the gas, and an ash pan i evolving wnth the shell. 
The fuel is leveled and the leaction mass kept fiee fiom channels 



by a vibrating water-cooled poker depending from the stationary 
top, and reaching well into the incandescent zone. This poker 
swings backward and foiward, and as the shell revolves it takes 
as a path a series of ellipses moving in an arc between the center 
and a few inches from the shell hmng The blast is introduced 
at the center through a bell-shaped distributing head. The 
capacity is about 2000 lbs of coal pei hr. 

The Mond producer uses very large quantities of steam and 
low operating temperatures. The gas is consequently low in 
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heating value and high in CO 2 The advantage gained is that 
the destiuction of the ammonia foimed by distillation of the coal 
IS avoided The value of this recoveied ammonia veij gieatly 
1 educes the net cost of the gas. It is piobable that the futme will 
bung important developments along this hne 

Gas Producer Computations. — Exactly as in the case of 
furnaces the perfoimance of a gas producer is most easily con- 
trolled by gas analysis. A complete test on a pioducei set is 
time consuming and usually the equipment is so aiianged as to 
make it difficult or impossible to secuie all the data needed It 
is theiefore fortunate that the gas analysis alone can be made to 
give so much infoimation 

It IS often difficult to measure the amount of gas pioduced 
because the quantity is laige and meters of sufficient capacity 
aie not usually available and more paiticulaily because the late 
of gas production is liable to wide fluctuation From the amount 
of fuel used, which can be determined leadily and accurately, 
and a knowledge of the carbon content of the fuel, a caibon 
balance will immediately give the gas production, piovided cor- 
rection is made for the tar and soot foimed and foi any unburnt 
combustible in the ash The latter is obtained from analysis of 
the ash but data on the formei are difficult to secure accurately 
m a short test Wheie a given fuel is used over a long period of 
time under reasonably constant conditions of producer opera- 
tion, the tar and soot formed can be obtained directly from the 
plant records, expressing the result as percentage on the fuel, or 
better still as peicentage on the total combustible matter fired. 
For coal fiom a given mine this figure will be quite constant; 
indeed for a given coal it will not change greatly even with wide 
vaiiations in opeiating conditions. 

Calculation of Gas Production , — ^The following illustration indi- 
cates the general method of computation of producei gas data. 
In the test chosen the gas production was measured directly 
and can therefore be compared with the computed result. In 
most industrial installations the gas cannot be measured with 
accuracy without undue trouble and expense, but the data used 
below can all be obtained without difficulty. Since the ultimate 
analysis of the coal was not available (as is usually the case) it 
was necessary to estimate its carbon content from its heating 
value (See p 190 ) 



258 


PRINCIPLES OF CHEMICAL ENGINEERING 


Test 106, U S Bureau of Mines Bull 13 
Fuel Ash 

B t u (As fired) 

Sulphur 

Pounds fuel per hour 
Pounds tar per ton fuel 


Data 

11 41 per cent 
10,528 

1 33 per cenL 
370 7 
144 


Gas analysis 

CO 2 

C2H4 

CO 

H2 

CH4 


Per cent 
9 2 

0 4 
20 9 
15 6 

1 9 


Calculations 


CO 2 

9 2 

C 

9 2 

H> 

O2 

9 2 

C 2 H 4 

0 4 

0 8 

0 8 


CO 

20 9 

20 9 


10 45 

H 2 

CH 4 

15 6 

1 9 

1 9 

15 6 

3 8 


N2 

O2 from air 

52 0 

32 8 

20 2 

19 65 
13 73 


O2 from steam 
H2 from steam 


5 92 

11 84 


H 2 from net H 2 m coal = 


8 36 


Call the weight per cent of carbon m the coal which goes into the gas — x 

Call the weight per cent of oxygen in the coal (total, except ash) = y 

Call the weight per cent of net hydrogen =z, 


Assume tar to be (CH 2 )w, or 20 7 lbs H and 123 3 lbs of C per ton of coal 
or 1 035 per cent H and 6 165 per cent C on the fuel as fired 


Prom the fact that 


carbon 17,230 

IS 

oxygen plus ash 16,750 — B t u 

(x+6 165)/(?y+ll 41) =1 79 


-0 98, 


The ratio of carbon to net hydrogen in the gas, m mols, can be equated to 
the same ratio calculated from the coal 


32 »8 
8 36 


823 ;= 


xjVl 

(^-1 035) /2 016 
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Also, assuming 1 2 per cent N in the coal, 


18 02 

x+6 165 +^+-— 
lb 


2/+1 2+1 33 + 11 41 = 100 


From these three equations, a; = 52 5 per cent carbon in the coal which 
goes mto the gas Hence the gas per hour is 



The actual gas production per hour as metered was 18,170 cu ft 

Estimation of Steam Consumption and Decomposition ^ — Per- 
haps even more important than knowledge of the gas pro- 
duction IS the determination of the steam consumption and of 
the extent of its decomposition in the producer. Under normal 
plant conditions the direct measurement of the steam used is 
almost as difficult as that of the gas produced, because the essen- 
tial thing IS the ratio of steam to gas and both these quantities 
are subject to wide fluctuation Wheie a plant happens to be so^ 
equipped that the steam for a given unit can be fed to that unit 
as water, the measurement of the total amount of this water over 
a given period of time is easy Where, however, resort must be 
had to steam meters of either the Orifice, Venturi or Pitot Tube 
type, these, even when of the integrating type, lose somewhat in 
dependability due to the excessive variations in operating con- 
ditions It is sometimes possible to cool the gas below its dew 
point under such conditions as to measure the condensed water, 
although condensing tar makes this difficult. From this, correct- 
ing for the residual vapor in the saturated gas, one obtains the 
water vapor in the gas leaving the producer This figure includes, 
however, all the water, both free and combined, in the fuel used, 
and very little of this is decomposed in the producer. 

^ See also p 264 
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The reaction rate equations developed on p 204 can be used 
for estimation of the steam consumption and its peicentage 
decomposition It must be lemembered that m the oxidation 
zone of the producer the oxygen goes almost quantitatively to CO 2 
while the water vapoi will be little 1 educed because any hydiogcn 
formed would immediately be leoxidized In the reduction zone 
this CO 2 and water vapor interact with the carbon in the way 
described on p 246, the only difference being the pi esence of the 
diluent nitrogen and the fact that the initial CO 2 is high, while 
m the production of water gas it is zeio 

It is well to remember that these equations mean simply this* 
that if steam is being 1 educed by caibon, any CO 2 mixed with the 
steam is also being reduced, and that, therefore, the ratio of reduc- 
tion of tho two depends only on their lelative concentrations, 
and not on time of contact and tempeiatuie (except to a minor 
degree), since any change m these last two variables wiU have a 
similai effect on the reduction of both. 

For computation it is best to use 100 parts of nitrogen as the 
basis because this gives an unchanging standard On this basis call 
the parts of CO 2 v and of water vapoi x as before, but remembeimg 
that the basis has changed It will be seen that the diffeiential 
equations are absolutely identical with those foi the case of water 
gas, t e , 


dvJdd = k 7 X—k 2 V and dx/dd~ — (k 6 + 2 k 7 )Xj 


whence 


where 


dvldx = 


^v—x 
ax ^ 


/3 = feA7 and a: = 2+(/c6/A:7), 
which integrates into 


(l3-~a)v-=x+[(p-a)vo~Xo] 




0/ot 


For simplification assume that all the oxygen has gone to CO 2 
at the top of the oxidation zone. Since air consists of 20.9 per 
cent oxygen and 79 1 per cent nitrogen this means that the CO 2 
at the start of the 1 eduction zone is 26.4 per cent on the basis of 
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100 N 2 Call the injected steam pei 100 parts of nitrogen Xq 
Inserting these values and remembering that the values of /5 
and a should be the same as before, the following equation should 
represent the relation between the CO 2 content of the producer 
gas, steam used and the steam remaining undecomposed: 

(1 01)v==x+{2Q 7-Xo)ix/xo)^ 

If this equation be used to compute the CO 2 content of the 
gas by inserting into it experimentally determined values of the 
steam utilization and decomposition from gas producer tests, 
it IS normally found that the calculated CO 2 value is lower than 
the observed one There is general agreement that at the 
temperatures prevailing in the top of the fuel bed of a gas pro- 
ducer, particularly because of the catalytic action of the hot coal 
particles, the reaction, 

C0+H20 = C02+H2, ... (8) 

goes extremely rapidly in comparison with the reduction reactions 
discussed on pages 201 to 205 Furthermore, at these temper- 
atures the equilibrium of this reaction lies toward the CO 2 side 
In other words, this reaction causes the conversion of CO to CO 2 , 
without, however, changing the total amount of reducing gas in 
the mixture This increase of CO 2 at the expense of CO, not 
only in the upper zones of the fuel bed but in the gaseous space 
above it, has long been recognized That part of it which occurs 
in the gaseous space above the fuel bed is called the Neumann 
reversion The differential equations used above take no 
cognizance of this reaction and therefore give too low a value for 
the CO 2 content of the gas Study of the results of a large 
number of producer gas tests indicate that the actual CO 2 per- 
centage in the gas averages about 3 6 units above the values corre- 
sponding to this equation Hence, the equation will give the 
relation between steam decomposition and the gas analysis if it 
be written in the following modified form: 
lOKpercent CO. mjas-3^ 

(per cent N 2 in gas) \^o/ 

This equation offers a solution of the important problem of 
determining the steam consumption of a gas producer from 
analysis of the gaseous product, without the necessity of further 
data The technique of using it will be made clear by a study of 
the accompanying table. The first seven columns give the 
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experimental results of the producer gas tests in question The 
first SIX are the gas analyses and the seventh is the per cent steam 
decomposition as reported by the investigators The remaining 
columns of the table represent the steps in computation necessaiy 
for the use of the above equation Of the three runs reported, 
two are taken from Bone and Wheeler^ and the last from Haslam, 
Mackie, and Eeed ^ The former used a high-volatile coal and 
the latter anthracite 

“ Column 8 shows the total atoms of oxygen appearing in the 
gas analysis, i e , twice the CO 2 plus the CO plus twice the O 2 , if 
any Column 9 gives the atoms of oxygen from the air, obtained 
by multiplying the nitrogen by the ratio 42/79 The difference 
between these two must be oxygen from decomposition of steam 
and IS therefore numerically equal to the mols of hydrogen from 
this source as well as to the mols of steam chemically decom- 
posed The next column is found by dividing this by the fraction 
of nitrogen m the gas It, therefore, represents the ratio of 
steam decomposed to nitrogen, or, in the nomenclature used 
above, xq — x, where Xo is the mols of steam per 100 mols of 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Run No 1 

Dry gas composition, per cent 

Per cent steam 
decomposed 
reported 

Atoms 0 in 
gas 

Atoms 0 in 

air 

Mols II 2 from 
steam 

S 

tS i c 

« a S3 

1 0 > 

L ,t 3 0 

xq calculated 

a 

S 3 <r} 

« 0 0 
& 0 

CD S 

0 0 V 0 

t, 1 « 

Pi ^ 


CO2 

CO 

H2 

CH4 

N2 

O2 








1 

5 25 

27 3 

16 6 

3 25 

47 50 


87 4 

37 80 

25 25 

12 55 

26 4 

30 1 

87 7 

5 

13 25 

16 05 

22 65 

3 50 

44 55 


42 0 

42 55 

23 7 

18 85 

42 3 

98 0 

43 2 

103 

11 03 

20 35 

15 63 

0 11 

52 13 

0 75 

59 1 

43 92 

27 7 

16 22 

31 1 

55 0 

56 6 


nitrogen in the entering air-steam mixture and x is that part of 
this steam which leaves the producer undecomposed Desig- 
nating the values of Column 11 as a, the equation may be re- 
written in the form, 


101 (per cent CO 2 in gas-36) (26 7-Xo)( ' 

(per cent N 2 in gas) V *0 / 


319 


1 Jour Iron Steel Inst , 73 (1907), 126, 
^Ind Eng Chem , 19 (1927), 119, 
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In this equation the only unknown is Xq, the per cent CO 2 is 
found m column 1, the per cent nitrogen m column 5, and a in 11 
It can therefore be solved for Xq by successive approximation 
The results are given in column 12 Hence the per cent steam 
decomposition is computed by dividing column 11 by 12, giving 
the values found m column 13 Remembering that these values 
have been computed from gas analyses alone, they may now be 
compared with the results directly obtained by the investigators, 
found in column 7 It will be noted that the agreement is 
excellent 

This equation means that, as one increases the steam fed to a 
gas producer, the percentage of decomposition of that steam of 
necessity drops off and at the same time the carbon dioxide 
increases while the ratio of CO to H 2 decreases and the changes 
in these quantities make it possible to compute the change in 
steam injection necessary to produce them Furthermore, if the 
gas analyzed be so collected that it is a truly representative 
average sample, the result thus computed should be the average 
steam consumption, irrespective of fluctuations m the steam-air 
ratio, provided these be not too large. Finally, the equation is 
more sensitive to changes in xo than to error in the CO 2 content; 
in other words, the percentage error in xq calculated by this 
means is apparently small In the absence of the rather compli- 
cated set up necessary for making accurate direct measurements 
of steam consumption and decomposition in the producer, it is 
believed this equation offers a reasonably dependable means of 
estimating them 

Column 12 of the above table represents the mols of injected 
steam per 100 mols of nitrogen, since 26 6 mols of oxygen enter 
with this nitrogen, the volumetric ratio of injected steam to 
air is found by dividing the values of column 12 by 126 6 If 
one knows the carbon content of the coal employed and the per 
cent gasification of this carbon, the figures of column 12 can 
readily be converted into pounds of steam injected per pound of 
coal fired, a form more frequently employed m producer practice 
Thus, if the molal ratio of injected steam to nitrogen be multi- 
plied by the ratio of nitrogen to total carbon as shown by the gas 
analysis, it is converted into the ratio of mols of steam injected 
per atom of carbon gasified Multiplying in turn by the ratio of 
the molecular weight of steam to the atomic weight of carbon gives 
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the pounds of steam per pound of caibon gasified and by the 
pounds of carbon gasified per pound of coal gives the required 
figure The last run shown in the table was made with an 
anthracite containing 78 84 per cent carbon and because of the 
character of the coal its gasification was substantially complete 
Hence, for this case the conversion becomes 



18 02 
12 


0 7884 = 1 08 


The investigators repoit a steam consumption per pound of 
coal of 1 03 

Another method of approach to the solution of this problem 
has been offered by Haslam/ who, from study of the results of a 
large numbei of gas producer tests under widely varying con- 
ditions has found that the constituents of producer gas approach 
an apparent equilibrium value 


^.,_ (C02) (H2) ^ 

(CO) (H 2 O) 

dependent on the thickness of the fuel bed alone, and independent 
of gas velocity (rate of firing), the weight ratio of steam to coal, 
and the temperature of the exit gas This empirical relationship 
IS given by the equation 


(CO 2 ) (H 2 ) 
(CO) (H 2 O) 


= 0 096L, 


where L is the depth of fuel bed in feet While gas concentrations 
may be expressed in any consistent units, it is convenient to 
employ volumes per 100 volumes of dry producer gas 

This equation was derived from the data of Clements,^ and 
Bone and Wheeler,^ all m England, and from tests in the United 
States by Hunt, Johnson, and Willis ^ The overall range of 
these data is shown in the following table 


^Jour. Ind Eng Chem , 16 (1924), 782 

^ J Iron and Steel Inst (London), 1923 (adv proof), Engineering, Vol 
115, 597 (1923) 

^ J Iron and Steel Inst (London), Vol 76, 126 (1907) 

^ 1923 Thesis, Mass Inst Tech 
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Variable 

Depth of fuel bed, feet 
K' = {G02) (Ho) /(CO) (H 2 O) 

Gas temperature at outlet, deg F 
Lbs coal per sq ft of grate area 
Steam, decomposed, per cent 
Lbs steam per lb of coal 
Undecomposed H 2 O, per cent on dry 
Per cent CO in dry gas 
Per cent H 2 m dry gas 


Range 

Ratio of Higher 
and Lowei 

3 5 to 

7 0 

Extremes 

2 00 

0 31 to 

0 75 

2 42 

1096 to 1481 

1 35 

8 9 to 

29 2 

3 28 

40 4 to 

87 4 

2 17 

0 28 to 

1 57 

5 61 

5 6 to 

28 2 

5 03 

16 1 to 

27 3 

1 70 

9 5 to 

22 7 

2 39 


Thus most of the factors varied twofold, or more, but for the 
grades of coal used, only the depth of fuel bed was found to 
affect The accuracy of the equation, K' =0 096L, is given as 
10 per cent 

This method requires, in addition to the gas analysis, a deter- 
mination of the moisture and combined oxygen in the coal 
employed, as well as a knowledge of the effective depth of fuel 
bed With this additional data the equation can obviously be 
used for the determination of the steam injected Attention 
should be called to the fact that the water term m Haslam’s 
equation is not equal to x, as used above x is that portion of 
the steam rising through the fuel bed which is not reduced in it, 
whereas the steam in Haslam^s expression includes, in addition to 
X, the moisture and combined water of the fuel 

The quantitative relationship m a producer between the 
steam consumption, the rate of firing and the depth of the fuel 
bed has never been determined From the explanations already 
given it IS obvious that both an increase m the rate of firing 
and a decrease in the steam-air ratio run up the temperature 
in the oxidation zone Since this temperature must be kept 
below the fusing point of the ash, a knowledge of the relation 
IS important. 

One can set up a heat balance on the producer from the 
bottom up to any particular section of the reducing zone Con- 
sider 100 mols of entering nitrogen, corresponding to 26 6 mols 
of oxygen At the oxidation zone, where this air first hits the 
hot coke, it will burn to CO 2 Call t the temperature at the 
section in question in the reducing zone If the fuel bed be of 
adequate depth, the counterflow of the hot gases rising above this 
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section will preheat the coke flowing down to it substantially to 
the temperature t The heat generated by combustion is partly 
consumed below this section in the reduction of CO 2 and water 
vapor, while the rest of it rises from the section into the upper 
part of the producer, partly as heat carried up by conduction and 
radiation through the incandescent fuel bed due to the temper- 
ature gradient through it, and partly as sensible heat in the 
gases The heat flowing up through the section by conduction 
and radiation may be calculated by subtracting from the total 
heat available from combustion above the temperature level t 
the heat consumed by the reduction reactions taking place below 
that section, computed however on the assumption that they 
take place at the temperature t This is allowable, since, although 
the reaction mechanism is entirely different, the net overall 
result IS the same. 

The heat of combustion of 26 6 mols of oxygen to CO 2 is 
26 6 (97,000) =2,580,000 Chu or 4,640,000 Btu To this 
must, however, be added the sensible heat content of the coke up 
to the temperature t, since the coke enters that part of the pro- 
ducer under consideration at this temperature level The 
temperature in the active part of the reduction zone averages 
about 1700° F , and the average heat capacity of carbon up to 
this temperature is approximately 4 7 B t u per pound mol 
Taking the temperature ta at which the reacting materials enter 
the producer as the base line, the heat brought in by the hot 
carbon consumed in the oxidation zone is 4 7 (26 6) (f — t a) = 125 
(t—ta)- The total heat available above the temperature level t 
is equal to the sum of the preceding quantities less the heat con- 
tent of the primary combustion products at this temperature 
There are 100 mols of nitrogen with an average heat capacity 
(see p 10) of about 7 4, corresponding to 740 (t — ta) heat units 
and 26 6 mols of CO 2 with a heat capacity of about 115, corre- 
spondmg to 305 (t — ta) heat units There are also Xo mols of 
steam which entered with the air; its heat capacity aveiages 9 
(see p 10) and its heat content, 9 Xo(t—ta) The algebraic sum 
of these quantities is 2,580,000— (920+9 Xo)(t — ta) The heat 
consumed by reduction with carbon is due partly to reaction of 
CO 2 and partly to steam Per mol of gas reduced, the former 
consumes about 38,000 C h u the temperatures of the reduction 
zone (somewhat less than at room temperature) and the latter 
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about 30,000 The relative reduction of the two obviously 
varies from case to case, but if one will employ an average heat of 
reduction of 34,000 C h u , one can, without serious error, speak 
of the total reduction of the two gases combined ^ Designating 
the initial CO 2 plus steam as zq and the sum of unreduced CO 2 
and steam at the section in question as Zj the total reduction is 
obviously Zq—z, Furthermore, 5:0 = 26 6 +:ro The heat con- 
sumption of these reduction reactions is therefore 34,000 (zq — z) 
Consequently, per 100 mols of nitrogen entering the bottom of the 
producer, the residual heat flowing up by conduction and radi- 
ation through the section under consideration is 2,580,000 — 
(920+9:ro) (i — ia) —34,000 (zq—z) Chu Calling r the amount 
of nitrogen rising per hour per square foot of cross-sectional area 
of the producer, expressed as hundreds of mols, the conduction 
heat current flowing upward through the section involved is 

^=r[2,580,000-(920+9a:o) {t-Q -34,000(3o-2)],m Chu (1) 
=r[4,640,000-(920+9a;o) (t-ta) -61,200(2o-s)], m B t u , 
where in the first expression degrees Centigrade are employed and 
in the second, degrees Fahrenheit 

The equation is on a basis of 1 sq. ft of cross-section of the 
producer and 1 hr This heat current may be equated to the 
thermal conductivity of the fuel bed times the temperature 
gradient, i e , 

Q/A6^adt/dL (la) 

This IS allowable, despite the fact that much of the heat flows by 
radiation, if the coefficient a, be empirically chosen for the 
temperature range in question (see pp 167 to 168) Further- 
more, since the reduction rate of the two gases is roughly the same 
but the reaction rate increases in the usual way, geometrically 
with increase in temperature, one may set up the reaction rate 
expression, 

rdz/dL= —kze^^ (2) 

The exact solution of these equations, even if possible, would 
be complicated For an approximate solution it is perhaps 
allowable to give an average value in each specific case to t m 
Eq ( 1 ), , to write, 

1 This IS satisfactory provided the CO m the resulting gas exceeds the 
H 2 from decomposition of steam This is always the case unless excessive 
quantities of steam are used 
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5 = 2,580,000-(920+9:ro)^^^'-^aj-34,000 (16)' 

With this approximation the solution is as follows 

£Zn-”^+34,000(2o-2i) , (3) 

ak\_ Zi 

where the subscript 0 indicates conditions at the border line 
between oxidizing and reducing zones and 1 corresponds to the 
end of the reducing and beginning of the distillation zone 

For normal conditions of producer operation with adequate 
depth of fuel bed, the second term on the left-hand side of Eq 
(3) IS negligible in comparison with the first, rarely amounting to 
5 per cent of it It is, therefore, advisable to drop it and rewrite 
the equation as 



5 Zn- +34,000(2:0-^1) 

Zi 


(3a) 


The constant h is approximately 0 006 to 0 007 (see below) , 
K is best determined from data on the coal in question, or at 
least on a coal of similar type as to coking quality and texture 
of the ash 

The qualitative interpretation of this equation is instructive 
The left-hand side rises rapidly with temperature, but the rate 
appears on the right-hand side as a square term Consequently, 
while the working rate (i e , capacity) of a producer increases 
with the temperature, its increase is less rapid than the ordinary 
increase of reaction rate for a given increase in temperature of the 
oxidation zone This is because the average temperature of the 
reducing zone is far below that of the oxidizing zone and rises less 
rapidly than it Furthermore, for a given increase in temper- 
ature, i e , for a given increase in the left-hand side of this 
equation, one gams a double advantage, namely, improvement in 
both capacity and amount of decomposition of the steam and CO 2 
Within certain limits one can, by changing the steam-air ratio, 
use this advantage for either purpose Since the rate term 
appears as a square while the decomposition term is the first 
power, it IS obvious that increase in temperature is more effective 
in securing complete decomposition than greater capacity. Pro- 
ducer experience bears out this conclusion. 

1 This expression assumes temperatures in °C , if °F be used it is neces- 
sary to multiply the first and last terms on the right-hand side by 1 8 
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The useful work done in the reduction zone of a gas producer 
IS the reduction of Zq — Zi inols of CO 2 and water vapor to com- 
bustible gas. The numerical value of this expression is obviously 
found from the gas analysis by taking the sum of columns 2 and 
10 of the table on page 262 and dividing by the fraction of N 2 in 
the gas Under comparable conditions of operation it is sur- 
prising how constant is this quantity When using a cold air- 
steam mixture it averages around 30, seldom deviating more than 
10 per cent from this figure. The data indicate that, as one 
would expect, the reduction falls off slightly with increasing 
steam-air ratio. Preheating of the air greatly increases 2 : 0 — 2:1 
Thus, Bone and Wheeler, using about 30 mols of steam per 100 of 
nitrogen with air preheated to about 250° C , obtained values of 
z^—zi of 42, whereas Haslam, under comparable conditions, 
without preheat other than that due to the steam, realized only 
31 His steam-air mixture entered at about 80° C Equation 
(1) can be used to estimate what the increase ought to be, since 
decrease in the temperature term secured by increasing ta should 
give a corresponding increase in z^—zi In other words, calling 
the increment m Zo—Zi — i^z 


A0= - 


920 9^0 
“34;m<^ 




(4) 


Bone and Wheeler used a much deeper fuel bed than Haslam and 
were thereby able to cool their gases approximately 100° C 
lower Their net temperature gain was, therefore, 250+100 — 
80 = 270° Hence, from the above expression, Aa; should be 9 5, 
as compared with the 11 actually realized This emphasizes the 
great value of preheating the steam-air mixture in increasing 
the cold efficiency of the producer 

From a study of the data available, it seems that the reduction 
realizable in a producer may be estimated with reasonable pre- 
cision by the expression, temperatures being in Fahrenheit 

Zo—Zi = 54:—0 04:Xo’-OMS{ti—ta) .... (5) 

It must, however, be kept in mind that this assumes a fuel bed 
of adequate depth, properly operated to maintain uniformity 
Where one finds total reductions much lower than indicated by 
this expression, one is probably faced with poor fuel bed con- 
ditions In using Equation 5, one must also remember that the 
deeper the fuel bed the lower ti, although with reasonable depths 
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the variation in h is not great It is seldom above 1500 or below 
1100° F 

All these expressions aie based upon a given amount of air 
entering the producer (126 6 mols, equivalent to 100 mols of N 2 ) 
The underlying reason for this basis is that the heat supply and 
hence the performance of the unit is determined by the rate of 
combustion and this in turn by the air supply Firing rate 
need not be and in general is not constant , one need only make 
sure that there is never an inadequate amount of fuel on the 
hearth, although m the end this of course implies that average 
firing rate is approximately proportional to the average late of 
air supply 

Considerable data on fuel bed temperatures have been 
reported by Haslam and his associates ^ Analysis of these data 
indicates that, in the temperature lange of the reducing zone, 
the constant h lies between 0 006 and 0 007 Accurate measure- 
ment of temperature conditions in a producer bed is, however, 
very difficult While in a carefully operated producer, con- 
ditions are reasonably uniform across any section taken near the 
top of the fuel bed, at the bottom, m the oxidation and hotter 
portions of the reduction zones, this is by no means the case 

In and just below the oxidation zone it is impossible to avoid 
localized packing of ash and partially burnt-out fuel Con- 
sequently, the entering air rises rapidly through some portions 
of the bed and far more slowly through others The former are 
equivalent to little producers within the main unit operating at 
higher firing rates and hence at far higher temperatures Because 
of this, there are wide temperature fluctuations at any given 
level of the lower portions of the bed Thus, at a given level, 
just above the oxidation zone, where the air rate is low, one will 
find a low temperature, whereas at a point a little to one side one 
may find a much higher temperature further up in the producer 
Differences in gas composition at a given level will, however be 
far less than differences in temperature The hot chimneys are 
still functioning as gas producers, although at operating rates 
far higher than the average . Now, U m Eq (3) is the temper- 
ature of the oxidation zone, % e , the maximum temperature 
existing in the fuel bed It is vitally important, because it 
determines the capacity limit of the producer without developing 

1 Haslam, Mackie, and Ebed, Jour Ind Eng Chem , 19 (1927), 119 

Haslam, Ward, and Mackie, Jour Ind Eng Chem j 19 (1927), 141. 
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clinker trouble, but in measuring it directly one must remember 
that the point of maximum temperature may be found first at one 
level in the producer bed and later at another 

The utility of Eq (3) may best be illustrated by applying it to certain 
of Haslam’s data He reports a run with a coal containing 78 84 per cent 
carbon, using 0 413 lb of steam per pound of coal, firing at the rate of 9 72 
lb of coal per square foot of grate area per hour, yielding a gas containing 
7 88 per cent CO 2 , 0 10 per cent O, 23 4 per cent CO, 8 72 per cent H 2 , and 
59 9 per cent N In this operation he found a maximum fuel-bed tem- 
perature of 1900° F His entering air-steam mixture may be assumed 
100° F and the top of his fuel bed, 1200° Using 6=0 007, compute the 
value of K for this coal The following tabulation will be self-explanatory 




c 


C 02 

7 88 

7 88 

7 88 

02 

0 10 


0 10 

CO 

23 40 

23 40 

11 70 

H 2 

8 72 



Ns 

59 90 

! 




1 100 00 

! 

^ 31 28 

19 68 

O 2 from air = 

= 59 9fH 

1 

15 93 

O 2 from steam, difierence = 

3 75 

H 2 from steam = 


7 50 


lb. stAb C 
0 413 

mol 

st /atom C 
12 ' 

j 

31 28 

0 7884 

18 02 

lo 599 


= 18 24 mols steam/100 N 2 -XQ 


Atoms C/hr /sq ft 

9 72 (0 7884) 

0 599 Q^oo —y, — -^^/hr. 

12 

31 28 “ ” 100 

C02/100N2=7 88( 


/ 100 ' 

\ 

50(^ 

j=12 52 

xi, by difference =5 72 


2Jo=26 6+18 24 = 44 84 
Zi = l3 15+5 72 = 18 87 
2:0 — 2 : 1 = 25 97 

5=4,640,000-^920 +9 (18 24) j -61,200 (44 84) 

=332,000. 
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Inserting these values in Eq (3a), iv=2100 

Let it be required to increase the firing rate of this producer by blowing 
with air 9 7 times as fast as at present, using, however, a stcam-air ratio 
only 90 per cent as great (These figures are chosen because Haslam 
actually conducted such an opciation ) What maximum temperature 
would one anticipate in the fuel bed under these new and more drastic 
conditions 

The reduction, — obtainable is computed by the use of Equation 5 
on page 269 Otherwise, the tabulation below should be self-explanatory 
r=9 7(0 0122) =0 118 
a:o = 0 90(18 24)=16 4 
5!o = 26 6 + 16 4=43 0 

20-21=54-0 04(16 4) -0 018(1200-100) =33 7 
B=4,640,000-(920+9 (16 4))(?5^'|—-°‘^-10o) -61,200 (33 7) 

= 95,000 

The term io = 2600 in B is estimated Inserting the values m Eq (3a), 
one obtains io = 2570° F Haslam actually found a temperature of 2600® 

To emphasize the efiect of changing steam-air ratio, compute the maxi- 
mum temperature of the fuel bed, first, for an air rate 3 9 times that of the 
original experiment, with a steam-nitrogen ratio of 0 175, the stcam-air 
mixture entering at 150° F and the gases at the top of the fuel bod being 
at 1450°, and second, for conditions otherwise the same except that 2 8 
times as much steam is used and the top of the fuel bed was 1300° Under 
the fiist conditions, computed as before, 2 o — 2i=29 9, 2 i = 14 2, 5=80,000 
(if ti be assumed 2300), whence, from Eq (3), ^o=2290° Haslam found 
2400 under these conditions Similarly, with 2 8 times the steam, rro=49, 
20=75 6, zo— 21=313, 2 i= 44 3, 5 =—2,100,000 (assuming ^o=2150), 
whence, from Eq (3), io = 2170° The temperature as actually measured 
was 2200° F 

It will be noted that in each case in computing B one must estimate 
Iq If the final value of thus computed does not check this estimate, 
the computation must be repeated However, in the equation for 5, a 
small error m to makes little difference 

The figures emphasize the fact that oxidation-zone tempcratuie comes 
down far more lapidly with drop in firing rate r than with increase in steam- 
air ratio Xq None the less increasing steam is a potent means of increasing 
capacity without encountering clmkering troubles 
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CRUSHING AND GRINDING 

OBJECTS OF CRUSHING AND GRINDING 

When a solid body is subjected to chemical change fiom 
without, the action producing such change is confined to the 
surface of the solid, and the rate of the icaction is a function of 
the surface exposed. In order, therefore, to complete a leaction 
m a minimum time, the area per unit weight oi volume must be 
made as large as possible This object is accomplished by first 
crushing the solid to small pieces, and then grinding these to a 
very fine powder This relationship between the area exposed 
(as determined by the size of the particles) and the rate of reaction 
plays an important pait m many industrial processes Examples 
are seen in the solution of solids in liquids, m the intgra^ion of 
two solids, as in the production of cement clinker, in reaction 
between solids and gases, as in the combustion of pulverized coal, 
and in the chemical reactions which' result m the setting of Port- 
land cement The physical properties, also, of a mateiial may be 
profoundly influenced by its state of division, for example, the 
covering power of pigments 

If, however, the solid be not homogeneous, a second object 
which may be attained in crushing, is the detaching oi cleaving 
of one mineral or constituent from another closely associated with 
it In some cases, a satisfactory bieaking apart is accomplished 
by relatively coarse crushing, as foi example the parting of coal 
from slate On the other hand many mmeial oies require very 
fine grinding to effect a complete separation of one constituent 
from the others The concentration of the valuable constituent 
of a raw material from the gangue or worthless poition by sub- 
dividing and then separation is generally spoken of as ore 
dressing ” and forms a very important step in many industrial 
chemical processes. 
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Occasionally the piimaiy object of a grinding operation is 
mixing, as in the grinding of ceitam pigments in oils 

TOTAL SURFACE 

The relationship between the aiea of a particle and its hnear 
dimension may be obtained by considering one unit volume of 
any material made up of individual pai tides of uniform size and 
having a linear dimension (diameter, side, etc ) L The area of 
each particle is KL^ and its volume is the constants K 

and k depending upon the shape of the particle. The total number 
of particles per unit volume is 

1 

kL^ 

Since the aiea of each particle is KL^j the total area A is 

^~kL’ 

where V is the total volume If the density (weight per unit 
volume) of the substance is G, the volume may be expressed by 
its total weight W , divided by the density, and the total area 
becomes 

A-^ 

kLG 

If the particles have the shape of a cube, K becomes 6 and k 

equals 1, if a sphere, is x and Hence, for either cubes 

or spheres, Klk=Q. This value is generally used for all shapes. 

It is, however, unnecessary to know the value of these con- 
stants in order to compare the relative effective areas of equal 
weights of any material when existing in two states of subdivision. 
The dimension L may be determined by passing the material 
through a series of sieves of known apertures, and by assuming 
that the average dimension of the particles remaining on any sieve 
is the mean value of the actual dimensions of the sieve which just 
passes them, and that of the next sieve which they fail to pass. 
While the numerical value for the area will, of course, depend 
upon the values of the constants chosen for the material under 
consideration, the relative values will be independent of these 
constants This assumes that the average shape remains the 
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same That is, the aiea Ai befoie funding the pai tides of 
dimension Li is 

K_ 

KW 

and after giindmg to dimensions L 2 is 



Therefore, 

A2 _Li 
Ai~W 

for equal weights of mateiial 

Obviously a mass may be subdivided in either of two ways 


1 A force may be applied to it greatei than its breaking 

strength, so that it is ciushed and split, 01 

2 The mass may be cut or torn apart 


The final result in either case is an increase in the surface of 
the mass 

Rittingei^s law assumes the mechanism of subdivision to be 
essentially that of shearing, and that the energy consumed is 
pioportional to the fresh surface produced Since the total 
surface per unit weight is inversely pioportional to the size of 
particle, the work done in reducing a given amount of material, 
E, IS 




where Li is the initial and L 2 the final hnear dimension of the indi- 
vidual particles, C depends on the characteristics of the material 
and on the type and method of operation of the apparatus 
Thus, if 10 H P hours be required to crush a given weight of a 
certain material from 2 inches to 1 inch, the work (E 2 ) required 
to crush from 1 inch to | inch may be calculated as follows: 



whence ^2 = 20 H.P. hours If the particles are small (below 
6 mesh), the energy actually required to crush a material is 
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generally smaller than that calculated by this equation Owing, 
probably, to incipient fractures resulting fiom pievious crushing, 
subdivision takes place inoic leadily than it otheiwise would 
Kick^s law assumes the energy required for subdivision of a 
definite amount of a material to be the same foi the same frac- 
tional reduction in average size of the individual particles Thus, 
if 10 H P hours be required to crush a given weight of a ceitain 
material from 1 inch to f inch, the energy required to reduce it 
from i inch to J inch or from J inch to f inch, etc , would be the 
same Mathematically expressed, Kick^s law becomes 

E=h \ogL 

where h is an experimentally determined coefficient 

This coefficient depends on the type of crusher employed, as 
well as the character of the material This relationship can be 
derived if one assumes that each particle is ciushed by direct 
pressure, that the crushing strength per unit area is constant, 
and that a given paiticle whatever its size, upon breaking foims 
a definite number of smaller pai tides of shape similar to the 
original This law is inexact, especially for coarse crushing 
Neither Rittmger’s nor Kick’s equation represents the facts 
accurately. In general, dE = —CdL/L'^ If n- = 1, this gives 
Kick’s law, if n equals 2, integration gives Rittmger’s law, if 
n exceeds 1, 

1 __ 1 
SELECTION OF MACHINES 

The selection of machines for crushing and grinding usually 
depends on three factors 

1 Physical pi operties of the niaterial to be ground 

2 The size of the feed and product 

3 The total tonnage to be ground and other local con- 

ditions 

1. Physical Properties of the Materials — The selection of 
proper machines for crushing and grinding is greatly affected by 

(a) The hai dness of the material to be ground 
(h) Mechanical structure of the material, that is, whether 
brittle, or fibrous and tough, or soft or whether it 
softens when warm, etc 
(c) The moisture content 





CRUSHING AND GRINDING 


277 


(a) Hardness — The meaning of the words “ hard ’’ and 
soft IS eniiiely relative, yet the materials which require sub- 
division in Older to prepare them for furthei operations may be 
divided roughly into these two classes The scale of hardness 
employed in mineralogy is utihzed in this connection, and is as 
follows 

1 Talc, Soapstone. 

2. Rock Salt, Gypsum, Pure Graphite, Soft Coal, etc. 

3 Calcite, Burnt Lime, Marble, soft grades of Limestone, 
Chalk, Hydrauhc Limestone, (Common) Cement, 
Barytes, etc 

4. Fluorite, Magnesite, Soft Phosphate, Limestone, etc 

5. Apatite, Hard Phosphate, Hard Limestone, Chromite, 

etc 

6 Orthoclase, Feldspar, Magnesite, Hornblendes, etc. 

7 Quartz, Gramte, Ores, Sandstone, etc 

8 Topaz, etc. 

9 Sapphire; Goiundum, Emery, etc 
10 Diamond 

Materials up to and including class 4 are designated as soft 
while those m the higher classes are termed “ hard A rapid 
method of approximating hardness is to cut the material under 
examination with a knife or to scratch oidmary window glass 
with it If it can be whittled easily like chalk, it is very 
soft.^^ Marble and many hydraulic limestones can be cut quite 
easily and would be classified as soft Magnesite and phos- 
phate rock can be easily scratched but will not scratch glass and 
are teimed medium. Beyond this line, little impression can be 
made with a knife and the materials may be classified as very haid 
Hardness not only affects the size and design of the machine 
in ordei that it may have sufficient strength to ciush the material, 
but as the mateiial increases in hardness its abrasive action 
increases and the machine must be designed so as to provide the 
fewest possible wearing parts Fmthermore, m grinding abrasive 
materials a machine not only should have few bearings but these 
should be protected from dust in a proper manner Also, in 
grinding abrasive material, low-speed machines require much 
less maintenance than do the high-speed machines. In general 
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low-speed grinding machines should be used when the per cent of 
quartz in an ore is highei than 4 or 5 per cent 

{b) Mechanical Structure — If a mateiial is of a fibrous nature 
it cannot be crushed by pressure or shearing action, but must be 
torn apart While both coal and wood are soft materials, the^^ 
require radically different types of machines foi disintegrating 
them, on account of the fact that the wood is of a fibious nature 
and must be cut or torn apart Machines for subdividing such 
fibrous materials as wood, bark, etc , are often called disinte- 
gratois 

(c) Moisture — Moisture plays an important part in the 
selection of crushing and grinding machineiy If the moistuie 
is more than 4 or 5 per cent the material becomes sticky or pasty 
and under such circumstances it is extremely difficult to maintain 
fiee ciushmg^ On the other hand, after the moistuie content 
exceeds about 50 per cent, the mateiial is quite fluid and under 
such circumstances the water may actually be used to aid fiee 
ciushmg by washing and cairymg away the finely ground pioduct 
It IS appaient that moisture affects the pastiness of fine material 
moie leadily than it does coarse material Theiefoie, while 
some mills cannot handle material containing more than 3 oi 4 
per cent of moistuie, others work best when the moisture content 
IS over 55 or 60 per cent 

2, Fineness. — Fineness governs the selection of machines in 
two ways • 

(a) The size of feed 
(5) The size of product 

Some machines from then veiy design can handle only coarse 
material, while others can handle only fine material Some 
machines produce a very uniform product, that is, all of the 
particles are close to a given size, whereas others, by virtue of 
their construction, produce a product with considerable varia- 
tion in size. There is frequently a lower limit to the size of the 
particles desired m the product. Thus in crushing pyrites for 
making sulphuric acid very fine material is not desired. Also, 
m grinding malt, or any substance to be leached, very fine sub- 
division is undesirable In such cases, machines must be selected 
that produce a minimum amount of fine material 

iSeep 280 . 
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3. Tonnage and Other Local Conditions — Tonnage is a vital 
fad 01 in detei mining the economic balance between fixed charges 
(inteiest, depreciation and taxes) and operating costs (laboi, 
powei and maintenance) The greatei the tonnage, the moie 
money may be spent for the imtial installation m older to cut 
down such opeiatmg costs as power and maintenance Interest 
and depieciation must be balanced against power, labor and 
maintenance, and the greater the tonnage the moie necessary 
it IS to use machines whose operating costs are low 

In addition to tonnage, there aie always a numbei of local 
conditions which affect the selection of machines For example, 
m certain mining fields only those machines which can be de- 
mounted and easily freighted by pack animals are purchased 
Every situation has local peculiarities that must be given due 
weight 


CLASSIFICATION OF MACHINES 

Machines may be classified in two ways, eithei by the size 
of feed, or by the method of applying the breaking force In 
considering the ciushmg and grinding machines, it is obvious 
that any one machine will operate efficiently only between cer- 
tain size limits One should not drive a tack with a sledge or a 
spike with a tack hammer A single machine will not crush 
economically from a very large to a very small dimension, and 
hence crushing and gnndmg machinery is divided into the 
following classes 

I Preliminary breakers, which crush pieces having a 
maximum dimension of 2 to 60 in, " 

II Intermediate crushers, which wiU take a feed of about 
to 2 in , and produce a product of about 1 J to i in. 
diameter 

III Fine crushers, which will take a feed of from to | in , 

and produce a product that will pass through a 10- 
mesh^ screen 

IV Fine Pulverizers which will take a feed of from I to J 

in and produce a product as fine as 200-mesh. 

1 Ten openings to the linear inch when using a standard wire See also 
p 308 
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In addition to the above foui classes, theie is a class known as 
shredders or disintegratois, designed to handle fibrous and brittle 
mateiial. 

It wih be noted that in the above classification theie is an ovei- 
lapping in the range that these machines will handle, and it must 
be remembered that the above classification is not rigid 

Crushing and giinding machines may also be classified into 
three principal groups according to the method of applying the 
breaking force 

1. Those which break from a continued piessure 

2. Those which bi eak from impact or direct blow ^ 

3. Those which break by abrasion or grinding through a 

shearing force 

In geneial it may be said that the first is best adapted to 
coarse crushing while the other two, either singly oi combined, are 
employed for fine crushing and pulverizing 

Free Crushing. — Before discussing individual machines it is 
necessary to call attention to a basic principle in all opeiations 
involving the reduction of size, and one which is of the utmost 
importance in the design and operation of crushing and grinding 
machinery, namely, that of ^'fiee crushing^’ In order that the 
breaking force, however applied, may be efficiently used, and in 
Older that the maximum capacity of the mechanism employed 
may be obtained, it is essential that each particle be removed 
from between the crushing surfaces as soon as it has reached the 
dimension desired Fine material, by remaining between the 
moving surfaces, cushions the material to be broken, absorbs a 
large poition of the energy expended, cuts down the output of 
the machine, and increases the peicentage of the so-called “ fines, 
which IS that portion smaller in diameter than the size desired 
The opposite of ^^fiee crushing” is known as “ choke feeding ” 
Particular attention, therefore, should be paid to the design of 
crushing and pulverizing machinery to insure a fiee discharge 
of the fine material and its complete removal from the zone of 
reduction 

The rapid removal of product which aids free crushing may 
be accomplished, in general, in three ways 

1. By the use of water to wash out fine particles. 

2. By the use of air to blow them out. 
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3 By the use of centrifugal force, which may be applied in 
various ways, as will be noted under the discussion of 
the various types of machines 

Open or Closed-circuit Operation. — There are two general 
methods of crushing and grinding, the Open Circuit ’’ and the 
Closed-Circuit Method In the open circuit, all the material 
discharged by a machine goes on through the system In the 
closed-circuit method, as fast as any of the product reaches the 
desired size it is scieened and removed. The oversize particles 
are reciiculated through the machine until the^^ reach the desired 
size and are then removed In the open-circuit method initial 
cost of installation is low, but the power cost per ton of output is 
high The closed-circuit system should be used on all large scale 
installations on account of the uniformity of the output and the 
low cost of power 

For closed-circuit operation it is advisable to regulate each 
mill so that it deliveis a product much of which is oversize If 
the scale of installation warrants, it may be advisable to use one 
size of machine for grinding the mam output and another for 
regimdmg the oversize particles or tails, since these average 
smaller than the original feed and therefore require a different 
mill setting for best lesults 

Since there are usually two or moie machines in series and since 
each unit produces a certain amount of material finer than the 
normal product of the next unit in the series, capacity can be 
increased and power consumption reduced by screening out these 
fines and having them by-pass the next unit in the series As a 
result, the load on the mills is reduced, the cushioning effect of 
fines is diminished and the product is more uniform 

I. PRELIMINARY BREAKERS 

There are two types of preliminary breakers which handle 
material from 2 to 60 in in diameter, the first being Jaw Crushers, 
and the second, Gyratory Crushers. Both these machines break 
with a continuous pressure Jaw Crushers employ a reciprocal 
motion and are intermittent in action, whereas in Gyratory 
Crushers this reciprocal motion is combined with a rotary motion 
and the action is continuous. 
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Jaw Crushers. — Jaw crushers, which bieak material by squeez- 
ing it between a fixed and a movable jaw, may be consideied 
as of three types according to the movement of the jaw Fust, 
those which have the movable jaw pivoted at the top and which 
therefore have the greatest movement and crushing action at the 
point of egress Second, those pivoted at the bottom and which 
therefore have the gieatest movement and crushing action at the 
point of entmnce Thud, those which have a relatively umfoim 
movement along the entiie face of the jaw 

Construction of Jaw Crushers. — The jaw crusher was invented 
by Ely Whitney Blake in 1858 and was first used for crushing 
rock for load work With the exception of the point at which the 
movable jaw is pivoted the constiuction of all jaw crushers is 
similar Figures 61 and 62 show views of typical jaw ci ushers 
In the Cl usher shown m Fig 61, the reciprocating motion is 
given to the jaw by means of an elliptical cam As the shaft 
revolves, a backward and foi ward motion is given to a rockei arm 
which m turn communicates this motion to the j*aw through a 
small breaker bar This breaker bar is the weakest part of the 
crusher and protects the rest of the machine from breakage in case 
unexpected hard mateiial, such as non, falls in between the jaws 
Another common method of impaitmg a leciprocatmg 
motion to the movable jaw is by means of an eccentnc and toggle 
joint In this case a so-called “ pitman is mounted eccentrically 
on the rotating shaft, thus receiving a motion upwaids and down- 
wards in the vertical diiection The lower end of this pitman is 
connected to a toggle joint, one arm of the toggle being fixed to 
the rear frame of the crusher and the other arm being fixed to the 
movable jaw This construction, being more powerful, is used 
on the large jaw crushers, particularly of the Blake type 

Jaw Crusher Control. — The size of the crushed material is 
governed in two ways, first, by changing the distance between 
the jaws at the point of discharge, and second, by the length of 
stroke of the movable jaw The distance between the jaws 
may be regulated by means of wedges so that the fixed jaw is 
moved forwards or backwards, thus decreasing or increasing the 
discharge opening. The length of stroke may be changed only 
with diflficulty. 

Blake Type of Jaw Crusher. — In the Blake crusher. Fig. 61, 
the material to be crushed enters the jaw at the top, is crushed by 
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coiitmuous pressuiG, and by its own weight falls toward the 
bottom As it fails, it is successively ciushed finei and finer, 
and drops from between the jaws at the bottom On account of 
the fact that the greatest motion occurs at the point of egress, 
the Blake type of crusher eliminates the danger of choking and 
may, therefore, be used in the crushing of material which has a 
slight tendency to pack, and this type of crusher can handle 
without difficulty most material containing 5 to 10 per cent of 
water On account of the great lange of motion between the 
jaws at the point of discharge, the Blake crusher delivers a product 
which IS uneven m size, i e , there is consider able variation 



between the large and the small lumps discharged from the 
machine. In view of the fact that a jaw crusher very rarely 
delivers a finished product, this disadvantage is not serious 

The mam wearing parts of jaw crushers are the crushing faces 
of the jaws which are usually made of chrome (or manganese) 
steel or chilled iron and are so arranged as to be easily replaceable. 
Furthermore, the greatest wear is at the point of discharge of the 
jaws and the position of these plates may be reversed end for end, 
so that the top which is worn but little is placed at the bottom 
of the jaw In this way the hfe of the plates may be considerably 
prolonged. 
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The advantages of the Blake type of jaw crusher lie in its 
large capacity, the low cost for repairs, low power consumption 
per unit of product and its freedom from choking It has the 
disadvantage that the size of the pioduct is quite variable and 
also the minor drawback that its action is intermittent instead 
of continuous, that is to say, crushing occurs only on the forward 
stroke of the jaw 

Dodge Type of Jaw Crusher. — In this crusher the movable 
jaw IS pivoted at the bottom (See Fig 62 ) Since the minimum 
movement of the face is at the point of egress of the stock, this 



crusher gives a more uniform product than the Blake but does 
not clear itself when choked In consequence it can be employed 
only for free-running material 

Roll Jaw Crusher. — In the roll jaw crusher the face of the 
movable jaw is so shaped and the motion imparted is such that the 
face of the movable jaw rolls along the face of the fixed jaw plate 
The movable jaw of this type of crusher is pivoted at the top, 
and the motion to the movable jaw is imparted at a point in 
between the top and bottom of the jaw and from a movable pivot 
situated well back from the discharge opening The roll jaw 
crusher is a compromise between the Blake and the Dodge types 
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of jaw crushers and as such it does not possess so prominently 
the advantages or the disadvantages of these machines Thus, 
while they are not so hable to clog as the Dodge they deliver more 
unifoim product than does the Blake. However, they do not 
have the capacity and low power cost of the Blake nor the 
uniformity of the Dodge. Furthermore they are more compli- 
cated in construction and the field of their use is limited. 

Gyratory Crusher, Gates Type. — A sectional elevation of the 
Gates gyiatory crusher is given in Fig 63 The breaker crushes 
by rotating eccentrically a truncated conical head, 7, which has its 



Fig 63 — Gyratory Crusher, Gates Type. 


small end up, inside of a truncated conical ring 8, which has its 
small end down The truncated cone is mounted on a shaft 31, 
which is pivoted at the top in a semi-universal joint The lower 
end of the shaft is mounted eccentrically in the gear 35, so that 
as this gear rotates, the shaft receives not only a rotary motion 
but also a gyratory motion thus causing the inner inverted 
truncated cone to alternately advance toward and recede from 
any given point on the truncated ring It is further to be noticed 
that the greatest relative motion between the inner cone and the 
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outer ring is at the lower end or the point of discharge, thus 
giving to this machine many of the advantages of the Blake 
type of crusher. Also, this machine is continuous in its action, 
and, the motion being rotary instead of reciprocating, the vibra- 
tioaJs-reduced to a minimum. 

The material to be crushed is fed in through the hopper 3, 
and is crushed between the inner cone and outer ring by con- 
tinuous pressure through the successive advances of the inner 
cone, and is discharged through the spout 37 The size of the 
particles being discharged from this machine is regulated by 
raising or lowering the shaft 31 to which the mveited truncated 
cone is fastened. This produces a smaller or larger opening in 
between the cone and the ring, but such legulation is quite difficult 
compared to the easy control of a Blake jaw crusher 

The Gates gyratory crusher will handle pieces of rock from 
6 to 60 in in diameter and will reduce them to pieces of J to 4 in. 
in diameter An advantage of the g 5 U*atory crusher is that it 
has a relatively large feed opening compared to a small discharge 
opening, and, therefore, the range of reduction in one pass 
through the machine is large. A gyratory crusher with a large 
feed opening has an extremely large capacity, consequently, 
these machines should be used only when such capacity can be 
utilized In other words, if a small amount of very large pieces 
of rock are to be crushed, the Blake type of jaw crusher is more 
suitable than the gyratory crusher, owing to lower initial cost. 
However, if a large amount of large size rock is to be crushed 
then the gyratory crusher is the more suitable machine, because 
the power per ton of material is lower than in the case of jaw 
crushers. The original installation cost and the maintenance 
cost of gyratory crusher is gi eater than that of the Blake jaw 
crusher so that the selection of a preliminary crusher involves 
balancing the costs of initial investment, maintenance, labor 
and power. The gyratory crusher also possesses the advantage 
of being able to handle material directly from the bin without a 
feeding attachment, and can therefore form the bottom hopper 
of a storage bin, taking the feed directly from such bin without 
clogging. 
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II, INTERMEDIATE CRUSHERS 

As mentioned pieviously, theie is consideiable ovei lapping m 
the fields occupied by vaiious crusheis, and different machines 
will occupy different fields depending upon the kind of mateiial 
to be tieated A type of machine which may be said to occupy 
this intermediate field is the Symonds Disk Crusher, although 
crushing rolls, which will be taken up under fine crusheis, might 
also come under this classification 

Symonds Disk Crusher — In the types of crushers previously 
considered the only foice tending to lemove the material is the 



Fig 64 — Symonds Disk Crusher 


force of gravity If the material being reduced is damp or of a 
sticky nature, there is a liabihty to clog especially with the gyra- 
tory. A new principle is introduced in the Symonds Disk Crusher 
(Fig 64) in that centrifugal force throws the pieces out of the 
crushing zone as soon as they are small enough to escape 
through the opening between the faces The crushing force is 
apphed by two saucer-shaped disks, A and B, which rotate in the 
same direction at the same speed. The outer disk, A (Fig 64), 
is held in a bell-shaped cage fastened to the hoUow shaft, C, 
driven by the flywheel, D. The inner disk, 5, is supported by 
the ball-and-socket joint and sohd shaft inside the hollow shaft, C. 
This sohd shaft is driven by a flywheel, F. The rear end of the 
solid shaft IS supported in an eccentric bearing, E, which causes 
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the disk, 5, to be always at an angle to the shaft, T, and disk, A 
When the material to be ciushcd is mtioduced between the disks, 
it IS thrown to the outside and caught by the disks at the point of 
widest opening It is earned aiound by the disks which lotate 
together and as the rims of the disks now approach each othei 
due to the eccentricity of their two shafts, crushing action is 
exerted and the material is broken by direct, continuous pies- 
suie This action is independent of any rotation of the eccentiic 
bearing E, which is set in the head of the pulley F, and the crush- 
ing action would take place even if the latter were at rest, but by 
rotating the hub through the pulley, F, the advance and letreat 
of the two disks are multiplied at each i evolution and the crushing 
capacity inci eased The ciushing strain is taken up by the large 
ball-and-socket joint in the head of the machine 

The size of the product may be varied and the wear and tear 
taken up by changing the distance between the crushing disks 
This is accomplished by removing the segment plates behind the 
disks and replacing them with others of the desired thickness 
Owing to the promptness with which the crushed material is 
ejected from between the disks, the product is umform and the 
capacity relatively great 

The Symonds disk crusher can break material down to | in 
in diameter The feed for these machines should not be over 
6 in. in diameter and then they are capable of handling from 
5_tp 100 tons per hour, depending on the size of machine^ size of 
feed and fineness desiied 

III FINE CRUSHERS 

Crushing Rolls. — In the gyratory ciusher, the crushing head 
was made to roll upon the inner suiface of the conical ring while 
traveling on the circle within it, and foi coarse crushing this 
principle works satisfactorily; but for fine crushing such applica- 
tion of the roll pimciple would be impracticable owing to the lack 
of constancy of the distances between the two crushing surfaces 
However, the idling principle is utilized by providing two 
cylinders mounted upon horizontal shafts which revolve towards 
each other The rotating surfaces nip the lump of material and 
gradually draw it in between them and crush it to a size deter- 
mined by the distance separating the faces at their nearest point. 
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A typical machine is shown in cross-section m Fig 65 The 
diameter of the crushing loUs is greater than the width, and 
while both dimensions vary considerably from machine to 
machine, these rolls average 14 in in width and 36 m in diameter. 
They consist of a cential permanent core of soft iron foiced upon 
movable shafts and are fitted with a replaceable wearing surface 
of haidened steel They are maintained a constant distance 
apart by blocks and are held in place by poweiful spiings which 
give way when non-ciushable material is accidentally introduced. 
These springs retreat shghtly as the regular pioduct passes 
thiough the rolls, so that in general the ratio between the size 
of opening and the size of product is 0 8, that is, rolls which 
have a J-in opening will produce a material that is | in and 



Fig 65 — Sturtevant Crushing Rolls 


undci . It IS vital to have an even distribution of feed across the 
faces of the loUs, otheiwise they will gioove and deliver a product 
containing much oversize material This not only causes unsat- 
isfactory operation of the roUs, but also increases maintenance, 
decreases the volume of output and increases the power consumed. 
Therefore, such crushing rolls should be fed with an automatic 
device which will spiead the material umformly along the faces. 

In the machine shown m Fig 65, the material being crushed 
IS fed through the automatic reciprocating feeder, of a satis- 
factory type, falls between the faces of the two crushing rolls and 
is gradually drawn in between them The angle, made by the 
tangents at the point where the largest piece the roll will “bite'' 
meets the roll faces, is called “Maximum Angle of Nip," and for 
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most mateuals is about 50° The relation between the size of 
feed, space between the rolls, the radius of the rolls, and the angle 
of nip is given by the formula 


where 


r+a 

r+6 


N 

= cosine-^, 


r = radius of the rolls, 
a = | space between the rolls, 

6 = radius of the pai tides to be crushed, and 
N = angle of nip, in degrees 


Crushing rolls aie advantageously used when the mateiial is 
brittle and if crushing is desired with a minimum of dust 
Materials fed to such loUs rarely exceed If in and for the mini- 
mum powei consumption and the maximum pioduction, the 
ratio of reduction in size per pass should not be greatei thanM : 1 
Crushing rolls may be used for grinding material down to a "Bne- 
ness of 10 to 15-mesh, and in some cases a little finer, but in gen- 
eral it IS moie satisfactory to use ball mills when the size desiied 
IS finer than 10-mesh (Tyler standard scieen) If the mateiial 
is not to be ground below 10 or 15-mesh theie are no better 
machines made for the work, and on account of their relatively 
large capacity and freedom from dust, together with their simple 
construction, such rolls aie used extensively Wet mateuals 
may, if desired, be crushed to 20-mesh. 

As mentioned above, the size of the material discharged from 
the crushing rolls is determined by the distance between their 
faces at the nearest point. Therefore, m selecting crushing rolls 
it is highly desirable to be able to adjust easily the opening between 
the rolls to the proper distance, especially when a minimum of 
fines or dust is desired, because easy adjustment facilitates main- 
tenance of good operation. Arrangements should also be pro- 
vided so that the rolls may be set up more closely as wear takes 
place. Some rolls are adjusted by means of shims placed between 
the journal boxes of the rolls and fixed supports on the crusher 
frame In other makes, the distance between the roll faces is 
adjusted by worm gears moving the journal boxes backwards or 
forwards This latter method is simple and capable of quicker 
control. 
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The strong points of crushing rolls aie simplicity and rugged- 
ness, and the small amount of fines or dust pioduced when operated 
under proper conditions, namely, an even feed and the ratio of 
reduction not ovei 4 . 1 They aie unsurpassed in pioducing a 
coarse granular product, and they show up to disadvantage only 
when used in fields for which they are not suited, such, for ex- 
ample, as producing fine material by means of choke feeding 
There are many special designs of crushing rolls for handhng 
special products For example, one type crushes the material 
against a fixed plate by a single roll whose rotating face is studded 



Fig 66 — Sturtevant Rotary Crusher 

Such a crusher is used for material containing cleavage planes, 
such as coal, etc 

Rotary Crushers. — The rotary crusher is a special type of 
machine suitable for handling soft, friable material, such as coal, 
coke, tan bark, etc., if the mateiial fed to the crusher is not 
over 3 to 6 in. in size Under such conditions the rotary crusher 
will produce a product whose diameter is J to f in. in length 
and under. Such crushers are sometimes known as Coffee 
Mills.^' 

In Fig 66, it is seen that the crushing action takes place be- 
tween an inner rotating grooved cone and an outer grooved ring. 
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The adjustment of this machine to produce finer or coarser 
material is by means of a small hand wheel (shown m the lower 
right-hand corner) which raises or lowers the step-bearing on 
which the rotating grooved cone is mounted 

This machine has a relatively laige output and low main- 
tenance when used on suitable material, and delivers a fairly 
uniform product However, only comparatively few materials 
can be handled, and consequently this mill does not have a wide 
use 

Stamps — Gravity stamps or mills, may be used to crush 
material from a maximum diameter of If in. down to a minimum 
diameter of 40-mesh (Tyler standard) The material to be 
crushed is fed into boxes or moitars and subdivided by blows 
from stamps or hammers weighing about 1000 pounds These 
hammeis are raised by means of cams and are allowed to fall 
on the material to be crushed, thereby reducing it by blow or 
impact Stamps are largely used m wet crushing (water 50 per 
cent or over) but their present day field is almost wholly con- 
fined to the gold mining mdustiy where crushing and gimding 
takes place simultaneously with cyaniding or amalgamation 

The fineness to which the material is ground is regulated by 
the size of scieen which surrounds the mortar boxes, by the 
weight of the stamps, and by the rate of feed of water and oie 

Outside of the field mentioned above, stamps are not used 
on account of their high power cost and large initial cost per ton 
of output. It is obvious that the power required is not propor- 
tional to the work done, since the power consumption stays 
constant whether there is any material in the mortar boxes or 
not Furthermore, stamps produce more fines or dust than is 
usually desired 

Chilean Mill (Pan Rolls). — All the machines so far considered 
crush by means of a compressive force It is possible to utilize 
also a shearing force and produce the action familiar to us when a 
nut IS crushed by stepping on it and turning around at the same 
time This is in piinciple a grinding and crushing force combined 
and has been utilized for many years in the machine known as 
the Chilean mill, Edge Runner or Chaser. It consists of one 
or more heavy steel rolls (formerly of stone) fixed on a hori- 
zontal shaft, and caused to rotate over a bed or track. Since 
the outside of the roll must travel over a greater distance than 
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the inside, there is a constant slip or shear The feed is con- 
tinually carried under the rolls by the plows, and when the 
operation is finished the product may be discharged by dropping 
a plate supporting a grid in the roll track. These machines are 
used when tough or plastic masses, such as clay for ceramics and 
black gunpowder, must be ground or mixed Formerly they 
were largely used m the mining field, but here they have been 
replaced quite generally by ball mills. 

IV. FIKE PULVERIZERS 

Ball Mills. — In all the mechanisms so far considered the crush- 
ing elements have been mechamcally guided and the feed intro- 
duced between the moving parts It is possible, however, to 
effect crushing by allowing flint rocks or pebbles, or balls of 
chrome or manganese steel to fall and revolve upon each other 
when held m a large rotating drum or steeUmed cylinder containing 
the material to be ground This constitutes the Ball Mill, which 
has become popular on account of its simplicity of construction, 
ease of opeiation, absence of delicate parts, and low cost of 
maintenance Ball mills are usually short in length and relatively 
large m diameter. They are generally supported and rotated 
on hollow axial trumons, through which the mateiial is fed to the 
cylinder and from which the fimshed product is discharged 
Fig 67 shows the standard mill, while Fig 68 shows a Hardmge 
conical ball mill A standard mill is characterized by the fact 
that it is very short in comparison with its diameter For ex- 
ample, in the largest size mill of this make, the diameter is approxi- 
mately lOj ft , whereas the working length is only 6 ft. This 
mill is generally used in wet grinding and the entire discharge end 
IS fitted with a grate Between this grate and the end of the mill, 
there are lifters which ^elevate the product so that it wiU be dis- 
charged through the trunnion of the mill For example, pulp or 
material to be ground is mixed with water and put m through a 
hollow trunmon on the feed side of the mill (right-hand side of the 
mih shown in Fig 67) and flows across and down through the 
body of the mill in which the balls are tumbling, and then passes 
out through the discharge grating Here the wet pulp is elevated 
by the lifters, and is ejected through the trunmon on the discharge 
side of the mill. There is a difference in elevation between the 
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feed as it enters the mill and the point of dischaige through the 
grate This causes the watei to have a sluicing action which 
cairies the fine niatoiial thiough the giatc and out through the 
trunnion at the dischaige end of the mill This lelieves the mill 
of the mass of pulp and causes the fines to migiate fastei than the 
coarse particles Tests seem to show that this difieience in head 
through the mill gives bettei opeiation than the so-called over- 
flow types of mill, wheie the mateiial to be ground flows in the 
feed trunnion, thiough a cylindrical mill and directly out through 
the discharge trunnion 



Pig 67 — ^Allis-Chalmers Ball Mill 


The balls are introduced full-size, and wear away gradually, 
finally disappearing m the product, new ones being added from 
time to time to keep up the proper number m the mill Theie- 
fore, after a mill has been m operation foi some time, there will be 
found m it an assortment of sizes of balls, !rom fieshly added ones 
down New balls must be large enough to crush the largest 
particles m the feed, but are too large to handle the fine particles 
of the product efficiently This, together with the cushioning 
action of the fines upon the coarsei particles, causes waste of 
power 

The unique feature of the Hardinge Conical Ball Mill, shown 
m Fig 68, is the action brought about by the shape of the rotating 
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shell 111 classifying the crushing balls This classifying action 
causes the larger balls to assume a position at the laige diameter 
of the mill Towards the discharge end of the mill, its diameter 
gets smaller and at these smallei diameteis will be found the 
smaller or worn balls The same action takes place in connec- 
tion with the material to be ground The material, fed m through 
a scoop at the feed end of the miU (left side of mill shown m Fig. 
68), remains in the large diameter of the mill until fiist crushed 
As its subdivision proceeds, it gradually works its way along the 
cone, and is finally discharged m a finely ground condition through 
the trunnion at the opposite end of the mill. In this way the 



Fig 68 — Hardmge Conical Ball Mill 


large pieces of material to be giound are broken up by the large 
balls, and the small pieces by the small balls, with the result that 
the power consumption is decreased The discharge end of the 
Hardmge mill is usually about 2 or 2J in lower than the feed end. 

Ball mills will handle a feed containing lumps as large as IJ 
to 2 in in diameter and may be used to produce material practi- 
cally all of which will pass a 50- or 60-mesh standard screen. 
These mills may be used for wet giindmg, in which case the 
moisture content is usually 50 per cent or greater Even when 
grinding abrasive material the ball consumption does not amount 
to over 0 7 lb of iron per ton of material ground. However, 
for most mateiials, the ball consumption will not amount to one- 
half this figure piovidmg the mill is fed with sufficient material 
to prevent one ball fiom falling or pounding on another. The 
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material being ground should always cushion the fall of these 
balls as they rotate m the mill, and the sound coming from the 
miR should be a dull rumble, indicating an absence of metal to 
metal contact. 

In the case of ball mills, the crushing action is by impact 
or blow of one ball falling upon another ball with the material 
in between There is a certain amount of grinding or sheaimg 
action taking place in the mill, due to lolhng of the balls, but its 
importance is small compared to the action of the falling balls 

The fineness of the discharged product from a ball mill may 
be governed by the following methods 

1 By Changtng the Rate of Feed — Inci easing the rate of feed 
in a ball mill decreases the fineness, since the material remains in 
the miU a shorter time, being crowded out by the incoming feed 

2 By Changing the Diameter of Feed — It is obvious that in- 
creasing the diameter of the particles fed to a baU mill will 
decrease the fineness of the discharged material if the rate of feed 
is maintained constant 

3 By Increasing the Total Weight of Balls — Increasing the 
total weight of balls of a given size increases the fineness of the 
discharged product, providing the rate of feed is kept constant 
This mciease in weight of balls may be brought about eithei by 
adding additional balls to the mill up to the capacity which can 
be handled (roughly 50 per cent of the cubic contents of the mill) or 
by increasing the specific gravity of the balls. For example, either 
the capacity, or the fineness of the discharged pioduct, may be 
increased by changing from flint to iron balls as grinding media. 

4. By Changing the Diameter of the Balls — Large balls tend 
to produce a coarse, granular product, whereas small balls pro- 
duce a finer pulverized product Ball sizes usually run from 
I in in diameter to 5 or 6 in m diametei, and for coarse crushing 
an assortment of 3-, 4- and 5-m balls, would probably be used 
wheieas foi fine crushing an assortment of f- to IJ- oi 2-m balls 
would be preferable. 

5 By Changing the Slope of the Mill. — Increasing the slope 
of the mill or lowering the discharge opening decreases the fine- 
ness of the product. Such a procedure also increases the capacity 
of the mill 

6 By Increasing the Freedom of Discharge — In ball mills 
having the discharge grating, the fineness of the material may be 
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decreased by increasing the size and number of openings in the dis- 
charge grating or plate This also increases the capacity of the mill 

From the standpoint of tonnage, ball mills may be used for 
as small an output as two or thiee hundred pounds per hour up to 
a production of fifteen oi moie tons per hour. 

Maintenance of a ball mill is extremely low, inasmuch as 
there are only two or three bearings and these are so located that 
they may be enclosed in dust-proof journals Furtheimoie, the 
mill IS a low-speed machine, usually operating at from 22 to 30 
r p m Practically all of the wear and tear occurs in the finer s 
of the miU and the balls and liners must be replaced at infrequent 
intervals, depending largely upon the tonnage and abrasiveness 
of material ground Most of the wear inside the mill occurs on 
the balls, and additional balls are thrown in the mill, either daily, 
weekly, or at other intervals, depending upon the tonnage ground 
This extremely low maintenance is one reason for their popu- 
larity Furthermore, they are simple to operate, and cost of 
installation and power consumption is extremely low The 
product IS not, however, at all uniform m size, and as previously 
mentioned, rolls aie more satisfactory if the product is to be 
coarser than 8- or 10-mesh Also, rolls are better, if the material 
IS moist, because ball mills can handle only material either rela- 
tively dry (under 3 or 4 per cent water), or else very wet (ovei 
50 per cent water), as moist material packs around the balls and 
cushions them. 

When the production of extreme fines is objectionable and 
the grinding is done wet, efficient work is accomplished by pass- 
ing the charge through the miU with relative rapidity, and 
immediately into some sort of a hydraulic classifier The over- 
flow IS taken off as finished product, while the oversize is returned 
to the mill, or is fed to a second mill with smaller balls This is 
known as closed circuit grinding, and when circumstances per- 
mit it, is to be recommended 

Mills of the Marcy and Hardinge type will grind ore from a 
gyratory or disk crusher so that only 2 per cent will be on a 48- 
mesh screen and 60 per cent will pass a 200-mesh screen with a 
power consumption of only 10 to 12 k w hours per ton 

Tube Mills. — There is relatively little difference between tube 
mills and ball mills. In general, a tube mill, Fig 69, may be 
considered as an elongated ball mill, that is to say, a mill that is 
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lelatively long in comparison with the diameter, in contrast to a 
ball mill which is lelatively shoit in compaiison with the diameter 
The construction, the method of adjustment and contiol is the 
same as for ball mills The difieience between the two machines 
lies in their different spheres of usefulness, the ball mill being 
suited to fine ciushing, granulating and compaiatively coaise 
pulverizing (so that 95 to 98 per cent passes through 50- or 60- 
mesh) whereas tube mills are used for still finer pulverizing The 
tube mill IS important in the cement mdustiy where a large 
quantity of material must be ground to a fine state of subdivision 
in equipment that is as simple as possible in design. Tube mills 
vary in size from 10 to 30 ft. in length, and from 3 to 8 ft in 



Fig 69 — Tube Mill 


diameter. A 5-ft.. by 26::ft miU will grind from 75 to 95 tons jof- 
medium hard material from 20-mesh to 150-mesh per 24 hrs 
Centrifugal Roll Mills. — The principle of rolling one element 
upon another has been widely used at all times m the design of 
crushing and grinding machinery. It has been seen that the 
gyratory crusher uses it to some extent, while crushing rolls and 
the Chilean mill are based wholly upon this piinciple There 
are a number of other mills that use the same principle m a modi- 
fied form, by developing the pressure between one element and 
the other by the use of centrifugal force Most of these mills 
have been designed to meet the necessity that has arisen in certain 
specific fields, and they are difficult of classification from the 
standpoint of the size of product handled on account of serious 
overlapping In general they crush the material not only by direct 
pressure but they also grind by attrition (shear). The Huntington, 
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Giiffin, JBiadley, Maxecon, Sturtevant rmg-ioll, Fullei -Lehigh 
and Raymond mills are all of this class 

Sturtevant Ring Roll — As mentioned previously, when material 
IS to be finely crushed or pulverized, small rolls, set close together 
are not economical. To meet this situation, rolls have been 



Fig 70 — Sturtevant Rmg-roll Mill 


designed which travel rapidly around the interior suiface of a 
ring in a manner somewhat similar to the gyratory crusher, or 
conversely, the rolls may be m a fixed position, and the outer 
crushing surface rotated. The only machine of this latter type 
IS the Sturtevant ring-roll, shown in Fig 70 The ring, B, having 
a concave inner face is rotated at a relatively high speed, and 
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material to be crushed is fed into the hopper, F, through the 
spout, /S, between the ring and one of the roils, A This roll 
has a convex suiface and is pressed up against the outer ring by 
powerful springs, acting through an elbow joint The material 
IS crushed as it passes between the loll and the img, and some 
of the finer mateiial is thiown off thiough the dischaige. Centrif- 
ugal force holds a laige amount of the material, C on the img 
which passes underneath the next roll In this way, the 
material is carried around and around under successive rolls, 
until it finally works its way out of the mill, being crowded 
out by incoming feed Oveisize material is screened m an 
outside separating machine and letuined to the mill for fuither 
grinding 

Fuller-Lehzgh Mill — The Fuller-Lehigh mill may be designated 
as a centrifugal roll mill in which the roll is replaced by balls 
held in sockets. It has a number of heavy steel balls which aie 
rolled at high speed around the inside surface of a grinding ring 
The material to be ground is fed through a hopper to a screw 
conveyor at the top of the mill, is dumped into a center cage 
and then thrown against the ring by the motion of the balls 
and pushers Attached to the rotating cage is a series of fan 
blades which elevate the finely ciushed material and force it against 
the screen directly above the blades Material that is sufficiently 
fine passes through the screen, whereas the material that is too 
coarse falls back into the crushing zone and is again thrown between 
the balls and rings The fineness of material from this mill is 
largely governed by the rate of feed and the screen size When 
properly adjusted it may be used for very fine grinding and is 
quite largely used for grinding coal for powdered coal burners, 
and in the grinding of cement. 

Raymond Mill . — The Eaymond roller mill shown in Fig 71 
has been successful very largely on account of the fact that 
the mechanical details are well-worked out, because it is a com- 
plete grinding unit and on account of the success of its air sepa- 
rator. The material is fed in through spout, S, Fig 71, and is 
delivered to the mill at a uniform rate by the feeder, F It is 
ground between the rollers, R, and the annular grinding ring, B 
The rolls, Rj are attached to a spider, which is rotated by a shaft 
driven from beneath by bevel gears, and centrifugal force causes 
the rolls to fly outward and crush the material against the station- 




Fig 71 ^—Raymond Mill 


is somewhat decreased, allowing the coarser material to again 
drop back between the ciushmg rolls and the rings, while the 
fine material is carried up through a fan and tangentially into the 
top of a collector The tangential motion, together with the 
decrease m velocity, due to the increase m cross-section, throws 
out the finely ground material which drops through a shde at the 
bottom of the collector The air, thus freed of dust, is returned 
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to the base of the null where it aj>ain picks up the finely ground 
material, and the cycle is lepeated 

Theie aie two types of Ra^anond lollei mills, one known as 
the Low Side and the other, as the High Sicle/^ the low 
side mill being the one just discussed The high side mill diffeis 
from the low side mill m that it has a scpaiatoi IFig 72), placed 
on the mill between the lolls and the fan The an, laden with 
material that has been giound, passes between the innei and 
outei cones in this sepaiatoi At the top of these inverted, con- 
centric cones, the air passes through gates set at the periphery 
of the base of the cones, and into the large innei cone These 
gates may be set at varying angles so that the swirling, tangential 



Fig 72 — ^Raymond Separator 


motion imparted to the an may be vaiied at will In this inner 
cone there is a sepaiatmg action similar to that alieady described 
for the collector. The moie tangentially the air is sent to the 
separator, the finer will be the product carried by the air to the 
collector. The coarse material settles to the bottom of this 
inner cone and is again fed to the mill through the two spouts 
at the bottom of the inner cone The air, bearing only the finest 
material, is carried thiough the fan and over to a large collectoi 
where the finely ground material is settled out 

It is thus seen that the air in a Ea3miond Roller Mill is used 
over and over again. However, there is always a small amount 
of air which is unavoidably admitted with the feed, and this is 
withdrawn from the system through a small pipe leading frona 
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the return air pipe The dust m this excess air is removed by 
means of bag filters 

The feeder of the Raymond roller mill shown in Fig 71, p 301, 
consists of a hopper, under which passes a corrugated roll The 
speed of this coiiugated loU may be changed gradually over a 
wide range by a senes of pawls operating latchets. The opera- 
tion of the mill is effectively conti oiled by regulation of this 
feed device and of the sepaiator gates 

Being a high-speed machine this mill is not suited for grinding 
hard, abrasive material, but foi many mateiials, such as lithopone, 
phosphate rock, barytes, limestone, etc , it is extremely well 
suited It will not handle moist materials nor those that soften 
on heating For example, asphalt oi haid pitch cannot be giound 
in this mill without foregoing recirculation of the an and sending 
all of the air to the bag dust filters It is one of the best fine 
grinding pulveiizeis made, and will handle material langing from 
J m m diameter down to material that will all pass a 200-mesh 
screen A five-roller mill, which requires 50 h p to drive the 
mill and 40 h p to operate the fan will produce about five tons per 
hour of material giound so that 90 per cent wiU pass a 200-mesh 
screen 

Unless the material being ground is abrasive, maintenance 
cost on these mills is low, although they are run at high speed 
and are used for fine grinding, fuithermore, powei cost is 
relatively low considering the range of fineness ovei which they 
operate 

Other Types — There are a number of roller mills somewhat 
similar in operation to the Raymond, such as the Bradley, the 
Griffin, and the Huntington mills The Griffin mill has only one 
swinging loll opeiatmg against the inner face of the crushing ring. 

Burr Mills. — One of the oldest forms of grinding machines iS* 
the burstone mill, consisting of two flat stones, one rotating 
on the other The center part of each of the flat faces is shghtly 
dished, wheieas the outer rim portion is flat. This outer rim is 
known as the “ face,’^ and it is on this face that the grinding is 
accomplished In order to facilitate grinding action, radial 
grooves are cut from near the center axis of the stone to the 
outer edge, and from these, shallower grooves fan out across the 
face The depth of these grooves is governed by the fineness 
desired. Material is fed down through a hole in the center of 
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the top stone and is earned outwards by centrifugal force and 
by the grooves As it passes from the center to the outside edge 
the rubbing action of the stones weais the particles to be crushed 
by attrition These nulls find considerable use in the paint 
industry, wheie it is desiied to grind to a veiy fine state of sub- 
division and combine at the same time a mixing or rubbing action 
The fineness of the pioduct from such mills is conti oiled by the 
rate of feed, the dressing of the faces (depth of groove, etc ), and 
by the distance between the two grinding stones When abrasive 
material is to be handled in such mills, the bui stones are replaced 
by rock emery Such mills have a lelatively low capacity and 
high power consumption per ton output 



Fig 73 — Jeffrey Hammer-bar Mill 

Disintegrators . — Hammer Type — When it is necessary to 
crush material of a fibrous nature, or a brittle material which 
softens easily with heat, machines must be used which have a 
tearing action, or give a sudden blow, and these are usually called 
“ Disintegrators The principle involved in this type of 
machine is that of striking a blow while the material is suspended 
in air, as when a baseball is struck with a bat The particle is 
hit with a force sufficient to crush or tear it, and yet with a 
velocity such that it does not adhere to the moving part. It 
is obvious that such mills will handle brittle as well as fibrous 
material. A mill of this type is the hammer-bar mill, shown in 
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Fig 73 Hammers are flexibly fastened to an inner shaft or disk 
and the lattei rotated at a high speed Except when retarded 
by the material which is fed to the mill, these hammers, due to 
centrifugal force, extend radially from the center shaft The 
material after it enters the beater box, remains there until 
pounded to a sufficiently fiine state of subdivision so as to pass 
between the wedge-shaped grate bars covering the bottom of this 
box Such mills may be used to crush wood chips, barks, and 
material of a fibrous nature, as well as shale, clay, bone, shells, etc 

Squirrel Cage Type — Another mill of this type is the squiri el- 
cage disintegrator, consisting of cages built up of bars ar- 
ranged in a circle, rotating at high speed Often one such cage 
IS placed concentncally between two others, the first rotating in 
the opposite direction from the othei two The material is fed 
into the centei of the cages, is thrown out by centiifugal force, 
and is broken up by impact These mills aie excellent for material 
of not too great mechanical strength, which may be too damp and 
sticky to be handled in other types of apparatus 

GENERAL CONSIDERATIONS IN THE SELECTION AND LAYOUT OF 

EQUIPMENT 

It IS worth while to bring together the more important points 
which should be observed in the selection and layout of grinding 
equipment These often prove helpful in reducing maintenance, 
in keepmg production continuous and the quality of the prod- 
uct unifoim One must not, however, overlook those special 
local conditions which are often controlling in the treatment of 
the individual problem 

L Control — The apparatus should be so adjustable that the 
size of the product delivered can be changed easily over a reason- 
able range and so that, once the desired fineness is secured, the 
product will be delivered uniformly and continuously 

2 Automatic Feed — The rate of feed is most easily kept uni- 
form by having it automatic and this results in two advantages 
First, it helps maintain uniformity in size of product and second, 
it keeps the mill running continuously at maximum capacity The 
feeding device should be supplied from a large hopper or bin which 
acts as a reservoir to take up fluctuations in operation. It is 
usually advisable to have each umt in a series of machines equipped 
with individual feed and storage. 
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3. Size Reduction by Step'^ — In laying out a department for 
crushing and grinding, it is best i.o opeiate in successive steps, 
without making the size i eduction between the steps too gieat 
As mentioned undci Clashing Rolls/’ i eduction is most effi- 
cient when the ratio of i eduction is not greater than 4.1, and 
wherever the tonnage to be crushed and giound warrants it, the 
ratio should be lower 

4 Closed C 17 cult Operation and By-passing — The impoitance 
of these methods of pperation must not be undei estimated. 

5 Auxiliary Apparatus — It is always advisable to have the 
auxiliary apparatus, such as elevatois, conveyors, screens, etc , 
oversize in capacity. In man}^ ciushmg and grinding installations 
the output is not hunted so much by the grinding mill itself as by 
some elevator, conveyor or scicen. Oftentimes, in closed circuit 
grinding the amount of oveisize material which has to be rehandled 
IS underestimated in installing this auxiliary equipment In 
general, when grinding m closed ciicuit, it is advisable to have 
such apparatus possess a capacity of about five times the output 
of the system. 



CHAPTER X 


MECHANICAL SEPARATION 
PART I. SOLIDS FROM SOLIDS 

The necessity for separating one solid from another may 
arise from a desire to accomplish either of two results first; to 
sub-dmde a mass of relatively homogeneous mateiial existing in 
pieces or particles of different size, into fractions in each of which 
all individual particles aie of approximately the same sizC; and 
second, to divide a mass composed of two or more individual 
substances into fractions so that each fraction will consist so far 
as possible of but one of the substances It is seldom that both the 
above purposes can be attained m one opeiation. 

Obviously, in order to effect a separation of any two materials 
of whatever soit, there must be found or produced in the indi- 
vidual units making up the mass, some inherent propeity in 
relation to which these individual units differ The funda- 
mental properties or conditions most commonly utilized m proc- 
esses of separation are, 

A Dimensions of Units as affecting 

1, Ability to pass thiough a given opening 

2 Friction manifested when falling through a re- 
sisting medium. 

B Density which may be either 

1 True Specific Gravity 

2. Apparent Specific Gravity maintained for a short 

time. 

(7. Other properties. 

1. Magnetism 

2 Electrical Conductivity. 
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A-1 SIEVES AND SCREENS 

Introduction. — Separation according to the first sub-di vision 
is accomphshed by giving the mateiial oppoitumty either to 
pass thiough or be lefused by an opening of definite dimensions 
If the openings exceed } in in size they aie geneially expiessed 
in terms of the linear dimensions of the laigest paiticle which can 
pass thiough when the screen is in a hoiizontal position When 
dealing with ciushed rock foi load building and concrete work 
it IS common piactice to desciibe the size of unit pieces as those 
which will pass thiough a ring of given diameter When the 
openings are smaller than | in it has in the past been a general 
practice to speak of the size in terms of the number of such open- 
ings 01 meshes per linear inch The lattei is manifestly veiy inac- 
curate, for in a structuie having any definite number of openings 
per hnear inch, the actual size of the opening will depend upon 
the proportion of the inch which is taken up by the supports. 
Owing to the confusion which has existed in this mattei for many 
years, the United States Bureau of Standaids, in coopeiation 
with certain enterprising users and makers of screens, has adopted 
as a basis foi sieve constiuction a wire having a diametei of 
0 0021 in When woven into cloth having 200 openings per 
linear inch, the dimensions of each mesh produced is 0 0029 in 
(0.0737 mm ). The ratio of the dimensions of the othei sieves 
making a series is, of course, a matter of choice A very i ational 
basis for a screen scale is that proposed years ago by Rittinger, 
namely, that each opening shall be just twice that of the next 
smaller The ratio of linear dimensions to produce this ratio of 
areas is, therefore V2, or 1 414 A veiy complete set of sieves 
has been produced in accordance with this plan by the W S. 
Tyler Co., of Cleveland, Ohio The size of the wiie for the sieve 
cloth is so chosen that the ratio of opening above noted produces 
a relatively uniform senes of sieves When it is necessary to 
obtain a closer analysis for the finer sizes than is thus provided, 
it has been proposed to use for sieves having moie than 65 meshes 
per inch a ratio of aieas of or of hnear dimensions of 1.189. 

The separation of particles of different size by means of a 
screen or sieve is rendered difficult by two factors, both of which 
increase as the particles become smallei The first of these is 
the cohesion of the individuals which tends both to carry very 
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fine material along with the coarse, and to make a number of 
small units function as one large one, thus preventing separation 
The second is the adhesion of the particles to the structure of the 
screening surface tending to make the openings smaller, or even 
stopping them altogether An efficient screemng system, there- 
fore, provides, so far as possible, against the presence of these 
conditions Since both cohesion and adhesion in a pulverized 
material are functions of the moisture content, it is apparent 
that to screen easily the mass must be either very dry or mixed 
with excess water A further difficulty met with in very accurate 
separation is a tendency for the wires to spread, thus enlarging 
some openings, and closing others This error is largely elimi- 
nated by proper screen construction and by using a secondary 
protective screen above the fine one to prevent the pounding effect 
of the larger pieces It is obvious that the material to be screened 
must be kept in constant motion, only by giving the particles 
opportumty to take different paths can a separation be effected 
Care must be exercised that in producing this motion the smaller 
particles be directed towards the openings through which they 
are to pass and not away from them. The violation of this 
principle renders some well-known types of apparatus for sepa- 
ration very inefficient. 

Grizzly. — The simplest device for effecting separation is to 
provide a grating or perforated plate inclined at an angle greater 
than the angle of repose of the material to be separated. Across 
this surface the material is made to pass by the force of gravity, 
the smaller particles falling through, while the larger pass over 
Such an apparatus may be easily made from heavy wedge-shaped 
iron bars held apart by distance blocks, and bolted together 
thus forming a frame generally known as a grizzly By placing 
the small edge of the wedged-shaped bar downward, the nar- 
row part of the slit is on top, and clogging is avoided. Such 
a frame is used in screening coal and crushed rock, and when 
made from heavy wire is employed for hand-separating sand and 
gravel These types are to be recommended when accurate 
separation is not required, and when cheapness of construction 
and maintenance is a necessity. As will be explained later the 
angle at which a screen of this type is set is an important factor 
in determining the size of the particles passing through it. 

When it is necessary to effect more perfect separation by such 
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an apparatus, the inclination of the screen is made less than the 
angle of repose, and the material to be screened is propelled along 
the surface by a motion imparted to the screen This motion 
may be 

a Eotatmg. 
h Gyratoiy 

c Eeciprocating (bumping) 

Rotating Screens. — In a rotating screen, fiequently called a 
Trommel, Fig 74,^ the screening surface may consist of wire 
cloth, perforated metal, or iron bars and is formed into a long 
cylinder carried by an axial shaft and radiating arms, or fre- 
quently supported by circular rings running on friction rollers 
The openings m the cylinder walls may be graded in size, or the 



Fig 74 — Rotary Scieen 


cylinder may be made in sections, each section having openings 
of a definite size, so that the screened material may be drawn off 
in a number of fractions The speed of rotation and the angle 
of inclination are so chosen that the material is earned uniformly 
forward from the feed to the exhaust end The efficiency of such 
an apparatus is limited by a number of conditions First, the 
large pieces at the entrance or fine end of the screen tend to 
spread the meshes and to drive the oversize through the small 
openings Second, subjecting the fine screen to the impact of 
the heavy pieces greatly decreases its hfe Third, the rotation 
of the charge tends to throw the larger pieces to the bottom of the 
layer; and this, it will be noted, is contrary to the relative position 
necessary for insuring the passage of the fine particles through 
the opemngs Fourth, a very large percentage (90 per cent) of 
the area of the screen is not in action while the screen is in use 
The first two objections are met by arranging a number of cyl- 
1 From Colo, Iron Works Co , Denver, Colo, 
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inders, each made of an increasing fineness, in series, so that 
the coarse screen comes first The undersize of the first cyhnder 
forms the feed for the second, while the oversize from the first 
IS shunted off to its lespective bin Space may be economized 
by placing one screen within the others m a series of concentric 
drums In this arrangement the coarse screen is at the center 
and each succeeding screen passes a finer material If it be desired 
to operate the screens wet, or to wash the coarse material, as in 
the mining of phosphate rock, water may be introduced from 
orifices in the hollow shaft In order to eliminate the end thrust 
on the bearings, rotating screens are frequently set with the 
axis horizontal, and the screening surface made conical or pyram- 
idal instead of cylmdncaL 



Fig 75 — ^Impact Screen 



Vibrating Screens — A large number of so-called shaking or 
\ibratmg screens, using both a reciprocating and a gyratory 
motion to keep the openings free and to propel the charge, are 
available, but it will be possible to mention but few of the types 
The success of any vibrating screen depends upon maintaining 
clear, free openings This may be obtained better by sharp 
rapid vibration than by any method of simply shaking the charge 
on the screemng surface. 

The impact screen of the Colorado Iron Works Co., Fig. 75, 
consists of a main frame on which is mounted the screening sur- 
face held in a vibrating frame of wood. This is flexibly sup- 
ported by a pair of elliptical springs which force it upward 
against four adjustable cushioned stops. To this vibrating 
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frame, motion is imparted by two ratchets operating as multiple 
cams keyed to a revolving shaft The effect of the cams is to 
force the vibiatmg fiame with a shaip impact down against the 
spiings, which, when the cams lelease the fiamc, carry it upward 
and outward. The meshes of the scieen aie thus kept free, and 
the charge is driven foiwaid The length of stioke, and inclina- 
tion of fiame aie adjustable, and the appaiatus as a whole may 
be easily adapted to wet scieenmg A motion at right angles 
to the face of the screening frame has a gieat advantage in that 
the heavier pai tides of the chaige are thrown to the top, thus 
allowing the fine particles to come into immediate contact with 
the openings through which they aie intended to pass. 

In the Hummer electric screen of the W S Tyler Company, 
Fig 75A, the wire cloth is given a positive and rapid vibration, 
by connecting it rigidly to an armature which is lifted by an 
electro-magnet, and repelled by a set of springs The magnet 
IS activated by a 15-cycle electric current supplied by a special 
generator furnished with this screen The intensity of the 
vibration is regulated by adjusting the springs controlling the 
recoil of the armature. Rapid and eJBficient separation is thus 
effected 

In the Jeffrey vibrating screen made by the Jeffrey Mfg Co , 
Columbus, Ohio, the screen frame as a whole is made to vibrate 
by a knocking motion, imparted to it by two eccentiics connected 
to suitable knocker blocks The whole screen surface is given a 
motion of sufficient amplitude to maintain the meshes clean and 
to keep the charge moving towaid the lower end of the screen 

As in other screens of this type the screen frame should be 
inclined at an angle of little less than the angle of repose of the 
material operated upon, m order that an undue proportion of fines 
may not be earned over with the tailings. 

The Newaygo screen, Fig 76, of the Sturtevant MiU Co of 
Boston, Mass., is an inchned vibrating screen, built with a rigid 
steel frame on which the screen surface is held taut by a senes 
of coiled sprmgs A sharp rapid vibration of the wire cloth is 
obtained by tapping the screen surface at a number of leinforced 
points with light hammer blows transmitted from the outside 
surface of the screen through wooden posts. 

The design admits of either one, two or three screens, thus mul- 
tiplying the number of products It is in general found advisable 
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to provide a fine screening surface with a coarse protecting screen 
to carry the heavy pai tides piesent in the charge This screen 
IS called a “ scalper ” and greatly prolongs the life of the working 
screen by preventing both abrasion and the spreading of the 
meshes 



Fig 76 — Newaygo Screen 


A-2. SEPARATION DEPENDING ON THE DIFFERENCE IN FRIC^ 

TIONAL RESISTANCE OF PARTICLES WHICH VARY IN SIZE 

BUT NOT IN SPECIFIC GRAVITY 

To make clear the principles which underly this method of 
separation, it is necessary to discuss the nature and governing 
laws of the forces which tend to oppose the motion of a solid body 
through a fluid 

Viscous Resistance. — ^When a solid body moves through a 
fluid so slowly that the latter flows past it in smooth stream 
lines, it IS subject to a retarding force proportional to the relative 
velocity between the body and the fluid, and to the viscosity of 
the latter For a small smooth sphere this retarding force can 
be shown ^ to be 

F = 37rjDMF, 

^ Kirchhoff, “Vorlesungen uber Mathematische Physik/^ R G Teub- 
ner, Leipzig (1897) 
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where F is the retarding force, D the diameter of the particle, 
Y its relative velocity, and p, the coefEcient of viscosity of the 
hquid. 

It will be noted that this “viscous resistance” is directly 
proportional to the first powers of the diametei and the velocity 
Eddy Resistance — When, however, the velocity of the particle 
becomes large enough to set the fluid about it in eddying motion, 
the resistance due to the viscosity of the hquid, while still present 
to some degree, becomes neghgible in comparison with another 
lesistance, namely, the dynamic pressure set up by the fluid 
tending to oppose rapid motion through it. This “ eddying 
resistance ” is proportional to the square of the velocity, but it 
does not appear at all until a certain ciitical speed is reached 
As a general rule it may be stated that a body moving in a hquid 
will assume that form of motion which at the emsting velocity 
offers the greater resistance to its passage The critical velocity 
IS then the velocity at which the viscous resistance just equals 
the eddying resistance For velocities in the immediate neigh- 
borhood of this point, neither set of laws holds, but above this 
transition range the laws of eddying resistance can safely be 
apphed, and below it, those of viscous resistance. 

Foi most substances in water this critical velocity is about 
4 cm per sec. corresponding to the rate of settling of particles 
less than 0 2 mm in diameter Such small particles constitute 
the shmes of metallurgical work, which are very diflicult to sepa- 
rate by setthng methods, partly because, as has been seen, they 
obey a different set of laws. The remainder of this discussion 
will therefore concern itself only with eddying resistance, which 
apphes to the great majority of settling operations 

The calculation of this form of resistance is too complicated 
for a detailed treatment here For a flat plane moving in a direc- 
tion normal to its surface, the theoretical value can be shown ^ 
to be 

F=2A'W^-, 

where A is the cross-sectional area, s the specific gravity of the 
flmd, and w the weight of a unit volume of water. 

‘Lamb, “Hydrodynamics of Fluids,” 3d Ed, Cambridge Umv. Press 
(1906) 
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It IS interesting to note that this is exactly the same as the 
force exerted on a fixed plane by a jet of water of cross-section 
A and velocity V. 

In practice, due to water passing around the edges and exert- 
ing a compensating pressure on the back of the plane, the coeffi- 
cient of velocity never reaches the theoretical value of 2, though 
values as high as 1 86 have been experimentally observed For 
bodies approximately spherical in shape, the coefficient is found 
to vary from 0 44 to 0 58, the value 0 5 being a good average 
Therefore, for spherical particles moving through a hquid, 

(0 5)(^)(62 3)(s)(F2) 

Ff= =0.38D272s, 

the units being pounds, seconds, and feet 

Consider now a solid particle in a fluid medium If at any 
instant the force tending to move the particle exceeds the fric- 
tional resistance, the unbalanced part of this force will accelerate 
the particle (according to the law: unbalanced or resultant force 
= mass X acceleration) until it reaches a uniform velocity where 
the frictional resistance just balances the impelling force. 

If, on the other hand, the frictional resistance be greater than 
the impelling force, the particle will be given a negative accelera- 
tion, or slowed down to a uniform velocity In any case, then, 
a particle of given size and weight falling freely through a fluid 
quickly assumes a constant “ free setthng velocity the magni- 
tude of which IS of great importance It may readily be found 
by equating the frictional and other forces which are acting on 
the body, since these must be balanced to give uniform motion. 

Gravity is, of course, the impelling force acting on a freely 
falling body. Using the previous notation, for a spherical 
particle, 

^ irD^wS 

where S is the specific gravity of the solid 

In any fluid medium, however, the solid body is buoyed up by 
a force equal to the weight of fluid displaced. 

where s is the specific gravity of the fluid. 
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The leMiltant oi “ lesidual giavity ” is then the diffei- 

enee of these two, or 

/,; = — -T'- -- - = 32 bDHS-s) 
o 

Equating this to the frictional lesistance gives for sphereSy 
= 6D^{S-s) =0 SSDW^s 

Soh mg, 

r.9s^^ 

Or, for particles of irregular shape, 

h 




'D(S-s) 


where k is approximately 9 

The above deiivation being perfectly general for any fluid 
medium, it follows that the same equation will hold for air as well 
as water, s being then negligible in comparison with >S, one may 
write 



showing that the time necessary to fall a given distance becomes 
inversely proportional to Vd 

Applications. — To make use of this property to separate a 
pulverized mass of particles into a number of different sizes, one 
may arrange a system like that shown m Fig 77 



The stream of water brings in the pulverized material through 
a shallow trough which empties into a comparatively deep box. 
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The box is so designed that the water has a faiily uniform hori- 
zontal velocity throughout The larger particles drop down 
rapidly into the first compartment m the bottom, while successively 
smaller particles are earned farther and faither horizontally, into 
different compartments, before they finally reach the bottom 
The finest particles are earned over the edge of the box before 
they have time to settle 

To make separation efficient, several points must be observed 
the distance i must be large compared with a, othei wise particles 
coming in at the top of the stream would go into a more distant 
compartment than those of the same size entering at the bottom, 
the feed should enter smoothly and without any considerable 
velocity m any direction, the horizontal current in the box 
should be steady and fairly uniform 

Very frequently this method, using either air or watei as the 
fluid, is used to divide the pulverized solids into but two classes, 
the finer of which is carried over the side, while the coarser 
remains in the box Since V m the formula, V =kVDy represents 
the relative velocity of fluid and sohd, another way to accomplish 
the same separation is to employ a rising current of fluid with a 
velocity just greater than the free-falhng velocity of the largest 
particles which it is desired to remove These particles and 
smaller ones will then be carried up and out, while the larger ones 
settle slowly 

Probably the greatest use for this method of separation into 
two parts IS in connection with the operations of crushing and 
grinding As was pointed out under the discussion of the factors 
controlling the efficiency of fine grinding, it is essential for the 
best results that each particle be removed from contact with the 
grinding surfaces and carried out of the machine as soon as it 
has become sufficiently small In many stamp and pebble mills 
this IS accomplished by passing a stream of water through the 
mill to carry away the fines in accordance with the principles 
above enunciated. Screens are usually employed to prevent 
the removal of particles not yet ground fine enough. Perfect 
separation by settling alone is impossible on account of the eddy 
currents caused by irregular cross-section and the motion of the 
grinding mechanism. 

A blast of air is also used to effect the same sort of separation 
in various types of pulverizers. Screens are sometimes used 
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here also, but they tend to clog, and it is often found better to 
separate out the oversize particles by enlarging the cross-section 
of the air duct and in this way reducing the velocity sufficiently 
for the large particles to separate out and be returned to the mill, 
while the smaller ones are carried on to larger setthng chambers, 
bag filters, etc 

An example of separation by means of screens is found m the 
Fuller-Lehigh pulverizer, p 300 In machines of this class a rapid 
circulation of an is obtained by attaching four blades to the main 
rotating shaft which constantly hft the fine particles from the 
zone of active crushing through a fine screen set around the 
upper or separator ” portion of the mill. Particles too coarse 
to be easily earned through this screen are returned by gravity 
to the further action of the crushing rolls 

The Raymond roller mill, Fig 71, illustrates the utilization 
of air separation of the fine particles as soon as formed as a means 
of increasing the efficiency of grinding. A continuous current of 
air IS drawn up between the crushing surfaces into a well-designed 
separator placed immediately over the mill The diameter of the 
separator inci eases rapidly as it rises so that the velocity of the 
air current decreases and allows the larger pieces to fall back 
into the grinding zone directly At the top of the separator 
the air current is deflected into an interior cone where further 
separation takes place — that which fails to stay in suspension 
falls again into the mill proper Such a grinding device requires 
a very perfect separator to arrest the product in the receiv- 
ing chamber, mechanism for this purpose wiU be described 
on p 331 

There are a number of very efficient machines now on the 
market, built independently of any grinding apparatus, based 
upon this principle of air separation. The material passes 
first into a constricted area in order that a high initial veloc- 
ity may be imparted to it The cross-sectional area of the 
separator must then rapidly increase, allowing the air velocity 
to fall Only those particles which at the lowest velocity main- 
tain a frictional resistance greater than the downward thrust 
due to gravity are carried out of the separator into the final 
collector. 
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B-1 SEPARATION DUE TO DIFFERENCE IN SPECIFIC GRAVITY 


The separation of material which is composed of substances 
having different specific gravities presents a problem which has 
been worked out in much detail in the broad and important field 
of metallurgy As a rule, the ore or valuable part of a mineral 
deposit possesses a specific gravity different from the worthless 
part or gangue, and it would seem a relatively simple task to 
effect a separation by making use of the difference in the velocity 
of fall through a resisting medium as given by the expression 


'=’‘4 




where S is different for the two constituents Three important 
difficulties, however, are met Fir^tj the dimensions D for all 
particles m the lot to be separated must be very nearly the same, 
and the close screening of the law material required to accomplish 
this result is relatively expensive Second, it generally happens 
that a certain percentage of the grams crush in such a way that 
each individual is made up partly of mineral and partly of gangue, 
its specific gravity is therefore between that of each of the constitu- 
ents. Third, a certain percentage of the crude ore is crushed 
so fine that the particles no longer obey the ordinary laws of 
falling bodies and form so-called slimes which refuse to clas- 
sify according to their specific gravities 

Free Settling. — From the relationship between hnear dimen- 
sions and specific gravity already noted it follows that two bodies 
of different dimensions D and Di and of different specific gravities 
S and Si when falling through a medium of specific gravity s 
will attain equal velocities when the inverse ratio 


D _Si—s 
Dl' S-s^ 


( 1 ) 


is satisfied Therefore these dimensions are the limiting values 
which particles of two substances with specific gravities S and 8% 
can have if separation by falling through the medium is to be 
carried out. So long as the ratio is less than this, the smallest 
particle of the heavier substance will attain a final velocity greater 
than the largest particle of the lighter substance, and separation is 
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possible Hence, if a pulverized mass be sized by passing through 
a set of screens, the fraction on any one sci ecn can be separated 
into its own components by settling, if the ratio of the laigest parti- 
cle to the smallest IS not greater than is indicated by Equation (1) 
Obviously, however, the moie neaily these particles aie of the same 
dimensions, the more nearly equal will be the fiictional resistance of 
falling, and hence the greatei will be the difference in the rates 
of fall The ratio of the size of opening or mesh in the larger 
screen to the next smallei is called the sieve scale and has already 
been discussed on p 308 It is clear that the selection of those 
screens which must be employed will differ for each set of sub- 
stances and IS determined by Eq (1) For practical pui poses 

2 

when water is the fluid medium this may be written and 


when air is used it becomes 


S 


It IS evident therefore that when 


the specific gravities are not widely different the sieve scale must 
be considerably smaller for sepaiation m an than for separation in 
water The ratio of the diameters of grains of a number of 
minerals having equal ratio of the falling velocities, or as is more 
acemately desenbed, equal free settling velocities, has been deter- 
mined by Richards^ From a number of analyses of quartz 
and galena ranging from grains having diameters from 2 to 0 5 mm., 
this latio of diameters was found to be from 3 to 3 7 That 
calculated from Eq. (1) is in this case about 4, the specific gravi- 
ties being 2 65 and 7 5, respectively. It is sometimes expedient 
to use w’-ater for the liquid medium, and yet have s assume a 
value greater than unity This can be done by suspending in 
the water a material so fine that the mixture behaves as a liquid 
with a specific gravity materially greater than water. This 
principle seems not to have been sufficiently applied to determine 
its real value 

Since quartz and galena differ more in specific gravity than 
the majority of ores, m general, excessively close screening 
would not be necessaiy m order to make possible a satisfactory 
sepaiation by free settling Another objection to this method 
lies in the fact that if free settling conditions ” (that is con- 
ditions such that there is practically no interference between 


^ Trans Am Inst Mm Eng , 1894 , 409 
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the falling pai tides) are to be maintained in any apparatus, the 
capacity of a given separating system foi solids must be rather 
small compaied to its volume For these reasons a modified 
system of separation known as hindered setthng, is very much 
used in metallurgical work 

Hindered Settling. — There are a number of methods of separa- 
tion which, while markedly different in apparatus and details of 
operation, nevertheless involve the same basic principles of 
hindered settling This may be defined as settling under condi- 
tions designed to crowd the particles close together and cause 
interference between them 

Two principal advantages are found common to almost all 
the variations of this method. 

First — It greatly increases the capacity of any separating 
system, and 

Second — It sets up a new scale of “equal hmdeied setthng 
particles ” wheie the ratio of the diameters of the light and heavy 
particles which settle at the same rate is often neaily twice as great 
as before This renders possible either a much more perfect 
separation for a given set of conditions or a satisfactory separation 
with a wider range of sizes In this connection it is evident that 
the continual interference and agitation to which the grains are 
subjected m hindered settling prevents the formation of agglomer- 
ates by the small particles which would then be classified with 
the larger sizes 

Hydraulic Jig. — The increased ease of separation obtained 
with hindered setthng is due to several causes which may well be 
considered in the operation of a jig, one of the simplest and most 
widely used of all hydrauhc separators Fig. 78, p 322, shows 
side and end sections of a single compaitment in a series of 
wooden jigs The plunger has a fairly rapid reciprocating motion 
which keeps the water going up and down through the sieve 
Assume that the feed contains particles of galena (sp. gr. 7 5) and 
quartz (sp. gr 2 65) which separate into four groups 

1 The tailings — medium and fine particles of quartz and very 
fine particles of galena, which pass out with the eflSuent water 
to the next compartment. 

2. The middlings — large particles of quartz which form the 
top layer of the bed of ore on the sieve, mixed with some medium- 
sized galena which has not yet worked its way through to the 
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bottom Middlings are raked off intermittently and sent back 
to be recrushed 

3 The coarse concentrate — galena particles too coarse for the 
sieve, which foim a layer just above it They may be removed 
automatically or raked off after the middlings A few pieces 
are always left to form a bed for the next run 

4 The fine concentrate — small particles of galena which have 
passed the sieve and collected in the hopper This is the chief 
product of the jig and is taken out through a gate in the side 
of the hoppei 





B “ Plungf^r 
C - Screen 
D- Oofh 
E - Eccetiinc 
Parhhon 



It is evident that the bed of middlings which is kept in a state 
of agitation or ''teetering'^ operates somewhat as a screen, 
allowing small galena particles to slip down through the chan- 
nels but refusing the larger quartz, which has, however, the same 
free settling velocity 

Another effect is added to this screening when the upward 
rush of water lifts the mass of particles off the screen The 
heavier particles then drop through the fluid, and under such 
conditions of teetering ” the specific gravity of the mixture of 
water and sand is greater than that of water alone. This average 
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specific gravity would be recorded by a hydrometer placed in 
the suspension, since a mixture of water and sand would be dis- 
placed, but it must be reahzed that to obtain an average specific 
gravity greater than unity the particles must be heavier than 
water and must be suspended m water, not at rest on the scieen 
As a corollary to this it follows that the particles must have a 
downward velocity relative to the water This greater specific 
gravity increases the ratio of diameters of equal settling particles 
so that much better separation is possible Richards^ calculates 
his hindered settling ratios for quartz and galena by using the 
average specific gravity of the sorting bed which is 1 5 Under 
these conditions ^ 

/) iS, Q 

' = 5 2, 


Di >S-s 


compared with 3 9 for fiee settling, which checks fairly well with 
the results of his experiments 

The function of the pulsating or upward moving current is 
not to separate the particles by any difference in the acceleration 
given to the different sized particles (as sometimes stated) but 
solely to keep the particles in suspension and thus increase the 
apparent density of the separating medium 

Jigs are used extensively on relatively coarse materials and 
to some extent on finer products 

Wilfiey Table. — Various types of riffles are employed for the 
separation of fine sands, the simplest type being constructed of 
blocks or bars across the bottom of a sluice-way The Wilfley 
table usually consists of a nearly horizontal table with parallel 
cleats or iiffles along its surfaces, equipped with an eccentric 
and springs or similar devices at one end to give a longitudinal 
jeiking motion to the whole The ore is fed at the highest corner 
and water from a pipe along the upper side floats the lighter 
particles with it across the table while the heavier mineral is 
caught by the rifSes and carried down the length of the table by 
the jerking motion imparted to it 

The Vanner, which is used for sands and slimes, consists of 
an endless belt running up a shght incline which is given a shak- 
ing motion in the plane of the belt Water flowing down the 
belt removes the hghter mineial while the heavier is carried to 
the upper end and discharged 

1 hoc ait , p 320 
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Hydkaulic Classification and Hydkaulic Separation 

From the preceding discussion of free and hindered settling 
it should be clear that to effect the separation of two admixed 
solid materials of differing specific gravity it is necessaiy that the 
ratio of diameter of the largest pai tides of light material to that 
of the smallest particles of heavy materials shall not exceed a 
definite value, a value which is greater m the case of hindered 
setthng than m the case of free setthng, but still definite and not 
very large It is, therefore, imperative that hydrauhc separation 
be preceded by some sort of a sizing operation and obviously 
screening is the sizing method that first suggests itself It has 
already been pointed out that screening is an expensive operation 
and one in which the exact control of sizing of particles is difficult 
to realize Expense and difficulty of sharp separation in screening 
mciease very greatly as the particles to be separated decrease in 
size Thus, screening operations below 20~mesh become almost 
impracticable on a commercial scale It is, theiefoie, necessary 
to substitute for screening some cheaper and better sizing method. 

Hydraulic Classification. — The method employed to avoid the 
difficulties of exact sizing by screening of fine materials in large 
quantities is to subject the materials in question first to a separa- 
tion by free settling , the fractions obtained by this method being 
then subsequently separated into the component materials by 
hindered settling If a mass of two materials, the particles of 
both of which vary in size between definite but widely separated 
limits, be subjected to free settling, the materials can be broken 
up into fractions, the fraction containing the largest particles 
can be made to consist of the heavy material only; the fraction 
containing the finest particles can be made to consist of the light 
material only; but in all intermediate fractions the largest par- 
ticles will consist of light material only and the smallest particles 
of heavy material only, while the intermediate sizes will consist 
of particles of both materials 

If now each fraction obtained by free settling has been so 
controlled that the ratio of diameters of the largest particles in 
that fraction to the smallest does not exceed the hindered settling 
ratio for the two materials, these fractions obtained by free 
settling may be subjected to hindered setthng, securing thereby 
complete separation of the material. 
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Preliminary fiee settling, utilized as above outlined to secure 
the sizing of the particles to be separated prehminaiy to the final 
separation, is spoken of as hydraulic classification The sub- 
sequent separation by hindered settling is described as hydraulic 
separation 

Hydraulic classification is less efficient than screening m that 
m each fraction the particles of both materials are not uniformly 
graded from the smallest sizes to the largest, but, as stated above, 
the largest sized particles are of light material only The amount 
of heavy mineral obtained by subsequent hydraulic separation is, 
therefore, less in the former case than would have been obtained 
by treating the screened fractions On the other hand, the avoid- 
ance of the difficulties of screening operations, especially for fine 
fractions, so far outweighs this disadvantage that hydraulic 
classification as a means of sizing preliminary to hydrauhc sepa- 
ration IS very widely used m mining practice. 

Spitzkasten. — Possibly the oldest classifying device and one 
yet much m vogue, is called a Spitzkasten In its simplest form 
it consists of a series of mveited pyramidal or conical boxes, and 
with each succeeding box both larger and deeper than the first. 
(Fig 79 ) The “ pulp (as the mixture of fine raw ore and water 
IS called) is allowed to flow in at one edge of each box and across 
to the opposite side and into the next box. The inci easing cross- 
section and depth produces a decrease in the rate of flow as the 
mass passes from the narrow to the broad end, and thus a more 
or less complete separation is effected. The classified ore is drawn 
off at the apex of each box, while the very fine, almost colloidal 
particles or shmes flow from the top of the last box to suitable 
collectors Most modern classifiers introduce at the apex of each 
box an additional stream of water known as hydraulic water ” 
By this means not only is a sharper classification obtained, but 
a considerable measure of concentration, that is, separation of the 
heavier mineral from the lighter gangue, is effected Obviously 
a great number of variations and modifications can be introduced 
into such a type of apparatus, but if the principle be understood, 
the different factors may be changed to suit the conditions at hand 
Coal-washing machines operate on this principle, but in this case 
it is the valuable part which floats off, while the slate and pyrites 
settle out first, moreover the coal has already been screened and 
m this case the apparatus operates as a separator 




Fig 79 — Spitzkastens 


product of a tubemill grinding m water involving, however, no 
separation of materials, machines of special design are available. 



Fig 80 —Dorr Classifier 


As an example can be noted the Dorr classifier, Fig. 80. This 
machine consists of an inchned setthng box in which the heavy 
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material which a predetermined current of water fails to carry 
over the discharge end is continually removed by the action of 
mechanically operated rakes which push it up the incline The 
heavy material goes again to the pulverizers, while the shme is 
ready for treatment 

An important use of the Dorr classifier in the chemical field 
IS for the counter-current extraction of sohds by liquids 

B-2 SEPARATION DUE TO TEMPORARY CHANGE IN SPECIFIC 
GRAVITY, FLOTATION PROCESS 

The appaient specific giavity of a mateiial of porous structure 
(such as crushed coke) is much less than the real specific gravity 
of the solid, due to an which is entrapped in and around the 
particle, and frequently a relatively heavy material, even though 
coarse, may be made to float on water Some substances, notably 
the metallic sulphides, possess the peculiar property of assuming 
a false specific gravity due, apparently, to their lack of adhesion 
to water and their ability to hold on themselves or to attach 
themselves to, a film of air or other gas If properly introduced 
onto a moving current of water, the valuable sulphide may be 
floated away from the gangue even though much heavier than 
the gangue This ability possessed by the metallic sulphides to 
cling to an air bubble and to be in this way transported to the 
top of the current and thus separated forms the basis of a most 
important method of mineral concentration known as ^^flota- 
tion The selectivity or '^preferential affinity” of the mineral 
for the air bubble, as compared to the affimty of the particles 
of gangue for the air bubble, can be greatly increased by the 
addition to the admixture of crushed ore and water (pulp) of a 
very small amount of a large variety of substances, mostly 
organic in nature Thus as little as OJ^lJb of such widely differ- 
ing compounds as the jLnso^ble^diazojammqJbenzjene or the very 
soluble sodium-ddiyl -xanthate , to 1 ton of ore suspended m 
5 tons of'^^ater effects a recovery of 93 per cent of the copper 
sulphides when contained in an ore carrying as httle as 1 per 
cent of these minerals. In order to form bubbles of sufficient 
permanency to hold the sulphides until the mineral-bearing 
froth can be removed, a very small amount lb, per 

ton) of certain oils, for example, steam-distilled pine oil, is also 
added to The ore-water mixture. 
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The air bubbles used to transport the mineral to the top 
of the containing vessels are produced within the pulp either 
by beating in air through violent agitation, or by foicing air 
into the pulp from below through a porous membrane, some- 
times a combination of both methods is employed 

The device used to effect separation in this way is generally 
a series of compartments of the Spitzkasten type in which the 
gangue sinks to the bottom and eventually is discarded while 
the valuable mineral is drawn off into separate channels and 
finally recovered by use of a continuous vacuum filter This 
method of concentration has proved to be a most valuable one 
for sulphide ores of quite diverse character There obviously 
exists the possibility of converting oxides or carbonates, which 
m themselves refuse separation, into the corresponding sul- 
phides and subsequently separating by this flotation principle 
A number of different flotation processes are in successful 
operation, but none of the many theories advanced to explain 
the observed phenomena has yet been generally accepted as 
applicable to all cases 


C. OTHER METHODS 

1. Separation Due to Magnetism — The attraction which an 
electro-magnet has for many metallic bodies has long formed the 
basis of a method for removing such substances from comminuted 
or ground material. Thus rags before being fed to a pulp 
digestor, or gram before milling, can be freed from adventitious 
particles of iron by passing the stock in a thin stream over a 
rotating magnet The same principle may be employed in 
separating finely ground minerals which are more or less mag- 
netic, from the gangue which is non-magnetic Separation 
may be effected by subjecting the pulverized material to the 
influence of the magnet in four ways. 

1 Separation by deflection while falling through air 

2. Separation by deflection from a moving belt 

3 Separation by adhesion to the moving magnet 

4 Separation while suspended in water 

Machines are available constructed on each of these four 
plans. 
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2. Sepaxation Based upon Electrical Conductivity. — When a 
particle, itself an electrical conductor, comes into contact with 
a highly charged surface, it instantly assumes a charge of the same 
sign, and is strongly repelled from the surface If a non-con- 
ductor of electricity, the particle remains on the surface until 
it IS removed, either mechanically, or by the withdrawal of the 
support Although theory requires 
only that one substance be a better 
conductor than the other to make 
separation possible, practically this 
difference must be quite appreciable 
If, however, the mass be charged to a £ 
high potential of the sign opposite to E) 
that of the separator surface, the 
better conductor is more quickly dis- 
charged and again charged with the 
sign of the surface and repelled, while 
the poorer conductor adheres to the 
surface for some longer interval of 
time, and thus a sharper separation is 
made possible The Huff electrostatic 
separator is a good example of this type of apparatus, its prin- 
ciple is shown in Fig 81 

Huff Separator. — The fine mix feeds from a hopper H onto a 
metal plate M which is grounded A copper wire at high 
potential inside the wooden electrode E gives a strong silent 
discharge between E and M The better conducting particles 
A are more influenced by this discharge and drawn out further 
towards E while the poor conductors C drop directly A mix- 
ture of A and C is collected m compartment B 

Electrostatic separation is a process which would seem to have 
an unique principle not yet fully developed, 

PART II. SOLIDS FROM GASES 

Settling Chambers. — Owing to the relatively slight resistance 
offered to the fall of a solid body by gas, difl&culty m separation 
of the two is encountered only when the solid is so finely divided 
that the area of each particle is very large compared to its mass 
For a great many years a simple settling chamber was all that was 


/ 



Fig 81. — Huff Separator 
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employed foi most cases Such an appaiatus js generally a 
rectangular box of such dimensions that the volume of gas may 
pass through at a relatively low velocity Obviously the rate of 
passage must be sufficiently slow to allow time for the smallest 
particle of solid which is to be removed to fall from the top of the 
chamber to the bottom, if it does not reach a support before it 
arrives at the end of the chamber, it is again caught up in the gas 
current and swept out of the chamber But such a simply con- 
structed chamber is generally fatal to efficient separation if the 
volume of the gas to be handled is large It can be seen, however, 
that it IS but necessary to shorten the path through which each 
particle must fall m order to reach a lodging place, m order to 
increase the capacity and efficiency of such an apparatus This 
can be done by providing the chamber with a series of parallel 
shelves running lengthwise Little resistance to the flow of gas 
IS thus introduced, 1 while the lodgment of each particle of solid 
of a given size is assured before the exit end of the chamber is 
reached It is necessary to pass substantially an equal volume 
of gas between each of the shelves m order that the apparatus 
may be operated at its maximum capacity The Howard Dust 
Collector embodies the above principle and ensures an even dis- 
tribution of gas automatically in this ingenious way Such 
separators are admirably adapted for burner and roaster gases 
and are quite extensively employed 

Centrifugal Separators. — Instead of gravitation, centrifugal 
force may be used to separate the solid particles out of the gas 
current While the force tendmg to throw the particles away 
from the center may be made very great by maintammg a high 
peripheral velocity, provision must be made for withdrawing the 
separated dust from the sides of the container without allowing 
it to be again caught by the incoming gas 

In the dust collectors of the Knickerbocker Co , there are 
utilized a number of devices for mcreasmg the efficiency of the 
apparatus, which indicate the modifications which the principle 
of separation by centrifugal force may take 

The separator consists of two concentric vertical cylinders 
provided with a bottom cone for receiving the product and a pipe 
at the top leadmg to the fan Dust-Iadened gas enters the inner 

1 This IS true, despite the great decrease m hydraulic radius, since in any 
case the gas velocity is very small 
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cylinder tangentially and is given a rapid whnl as it passes around 
the chamber and then up and out of the fan The solid particles 
are thrown against the walls of the chamber and escape with some 
of the gas through vertical slit-like openings into the annular 
space between the cylinders Here a much less rapid whirling 
motion obtains which allows the dust to settle on the walls of the 
chamber and bottom cone, while the gas passes up into the dust- 
free vortex and out through the top When the dust collects m 
sufEcient quantity it slides down the walls to an automatic dis- 
charge trap at the bottom When such an apparatus is placed 
between an exhaust fan and the source of dust, as an emery wheel, 
tumbling mill, or sand blast, a slight vacuum is maintained in 
the chambers By removing the solid particles before the gas 
current reaches the fan, deterioration of the latter due to abrasion 
is, of course, practically eliminated The Raymond apparatus, 
p 302, separates the fine product from air by centrifugal force in 
a similar manner 

Bag Filters. — The fact that solids as small as ordinary bacteria 
may be separated from air by passing it through a layer of cotton 
wool or heavy loosely woven cotton cloth indicates the efficiency 
of a filter medium of this kind Doubtless the removal of the 
bacteria is due more to their impact and subsequent adherence 
to the fibre than to a screening action, but this principle may be 
used both when a large amount of very fine particles is to be 
removed from a limited amount of gas, as m the manufacture of 
zinc oxide, or when a very little solid is taken from a large volume 
of gas, as in the filtration of air. Bag filters are simple of con- 
struction and find considerable use in the zinc industry and m 
other cases when the particles are very fine and centrifugal sepa- 
ration is not applicable A very compact dust collector using 
cloth bags is offered by the Raymond Pulverizer Co of Chicago 
This may be made of any size to suit the capacity required. 

Separation by Impact with Water. — Separation occasioned by 
letting the gas and solid particles come m contact with a wet 
surface on which the particles will cling may be made very 
effective By having the liquid actually flow over the impact 
surface the solids are not only caught out of the gas, but are con- 
tinually carried away An important element in design m any 
gas-cleaning device of this kind is to provide for a constant 
deformation of the gas volume as it passes through the apparatus. 
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Thus a gas bubble may carry m suspension fine particles of a 
soluble salt and yet pass through water with the loss of only the 
relatively small portion of the solid which is near the surface of 
the bubble It is only when the bubble is split up or deformed 
that the portion originally at the center can be brought in con- 
tact with the dissolving or adhering medium and a cleansing of 
the gas be effected. The gas washers at Gary illustrate this 
principle 

Instead of having the gas impinge upon a wet surface the 
action can be reversed and drops of a liquid may be moved 
through the gas Thus, very effective cleansing can be obtained 
if a fine spray of watei be forced through a current of gas moving 
in an opposite direction Apparatus operating upon this prin- 
ciple has been introduced by the Carrier Co If the dust be very 
fine, however, much will pass any of these washers when the 
velocity is high The fact that upon condensation a vapor will 
deposit first upon dust particles as nuclei may be utilized in 
depriving a gas of all its dust By saturating air with water 
vapor and then condensing out a portion, the dust particles are 
carried down 

Cottrell Separators. — A very novel and efficient method for 
separating very fine particles of solids or liquids from a gas has 
been developed by Cottrell Gas molecules can be ionized by 
a, d and y rays and the brush and corona discharges from high 
potential electrodes The gas is thus ionized in Cottrell’s appara- 
tus by passmg it between a series of electrodes which mamtain 
a silent or glow discharge The very small dust particles are 
given an electrical charge by contact with the ionized gas and 
collect together As the gas and dust pass further along they 
come under the mfluence of a second senes of electrodes with 
rectified high voltage discharge The dust aggregations are 
attracted to one of these electrodes and deposited there 

^ART m. LIQmDS FROM LIQITIDS 

Decantation. — The means employed for separating one liquid 
from another depends upon whether or not the two liquids are 
miscible If they are not, and do not form an emulsion , it is only 
necessary to provide an opportumty for the two to separate into 
layers, according to their specific gravities, and to draw these 
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two layers off from diffeient levels For intermittent separation 
a discharge pipe set in a swivel joint inside the tank is very 
convenient This may be a joint of special design or the level 
leg may be held m a nipple The end of this pipe may be either 
attached to a float, which insures the inlet end of the pipe being 
always just a little below the surface of the liquid, or may be 
loweied by a chain ^ Instead of a rigid pipe on a swivel a flexible 
tube attached to the exit pipe may be employed, the inlet end 
here also may be raised and lowered at will, or be carried m a 
float For continuous separation, as in the distillation of an oil 
with steam, a separator consisting of two compartments with 
connections is convenient 

If the two liquids are so nearly the same in density that they 
do not easily separate, it is sometimes expedient to add a sub- 
stance soluble m but one in order that it may acquire a specific 
gravity materially greater than the other 

Centrifugal Force. — If the force of gravity alone is not suflS- 
cient to separate two liquids, as is the case in many emulsions, 
or if separation by gravity be too slow, centrifugal force may be 
employed When the mixture is fed into a container which is 
rotating at a high rate of speed, the heavier liquid is thrown to the 
outside of the vessel, while the lighter remains in the center The 
two vertical layers will rise to the top of the rotating vessel as 
the operation continues, and by suspending a diaphragm into the 
dividing lines, the two may be drawn off from separate exit 
spouts The DeLaval cream separator, was the first apparatus 
designed for this purpose and its extensive introduction has revo- 
lutionized the milk industry 

When the liquids are miscible, separation as a rule depends 
upon a difference m the vapor pressure of the constituents The 
utilization of this property is the basis of the operation known as 
Distillation, which is so important as to require for its treatment 
a separate chapter 

Other Methods. — Sometimes the solvent power of one liquid 
for another can be so changed by the addition of a third body as 
to make separation possible Examples of this are the separation 
of ether and water and of methyl alcohol and acetone by the 
addition of a material which will depress the solubility of one 
liquid in the other. 


1 See Fig 82, p 338 
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PART IV LIQUIDS FROM GASES 

Eatrainment. — AVhen liquids are earned in suspension by 
gases the phenomenon is generally spoken of as entrainment 
and usually occurs as one of the factors in a more general prob- 
lem When a gas is formed from a boiling or decomposing liquid 
it IS not uncommon to have some of the liquid carried out of the 
container by the gas in the form of a fine spray from the bursting 
bubbles Thus in steam boilers finely divided liquid water is 
sometimes carried with the water vapor, and also in the destruc- 
tive distillation of substances such as soft coal, the coal gas will 
carry with great tenacity a small portion of liquid tar Separa- 
tion in these cases depends largely upon the principle of having 
the drop of liquid hit and adhere to a solid surface or baffle plate 
This may or may not be wet and self-cleansing as in the apparatus 
already described for separating solids from gases 

Dissolved Gases. — From a practical standpoint, gases are 
carried by liquids only when in solution and are separated either 

by 


a. Chemical combination and precipitation 
b Inducing the gaseous constituent to assume the vapor 
phase 

The means of accomplishing separation according to the first 
method are so simple and so closely allied to separation of solids 
from liquids as to need little treatment here Thus hydrogen 
sulphide IS removed from water by adding a little ferrous sul- 
phate, and carbon dioxide separates when a slight excess of 
calcium hydrate is introduced 

The second method requires a disturbing of the equilibrium 
existing between the gas and the liquid This may be done by 
heating the liquid, thus lowering the solubility, or by passing an 
insoluble gas through the liquid, thus sweeping out the gas, or by 
placing the liquid under a vacuum ^ 

PART V. GASES FROM GASES 

A mixture of gases may be more or less completely separated 
by three methods 

1 See Chaps XVII, XVIII, and XIX 
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(a) Rate of diffusion through a membrane ^ ^ 

(h) Selective absorption and adsorption 
(c) Fractional condensation / 

Diffusion. — According to Graham^s law, for a given mem- 
brane, the linear velocity of the diffusing gas is directly propor- 
tional to the difference in partial pressuie of the gas in question 
between the two sides of the membrane and to the square root of 
the absolute temperature of the gas, and inversely proportional to 
the thickness of the membrane and the square root of the molec- 
ular weight of the diffusing gas The coefficient of proportion- 
ality is determined experimentally for each material, and is 
doubtless a function of the percentage of voids in the mem- 
brane Although it IS easy to carry out such sepaiation experi- 
mentally, no technical method of importance has as yet been 
introduced It would seem that a valuable field of work lies here 
untilled 

Selective Absorption and Adsorption. — The separation of 
gases through the principle of selective absorption is well illus- 
trated in the modern methods of gas analysis, and is of wide 
application The most important factor in the design of the 
apparatus for this purpose is that which provides for the complete 
mixing of the absorbing liquid and the gas 

The prmciples of operation here are essentially those of the 
absorption of gases which are taken up elsewhere 

The use of solids in the selective adsorption of gases is illus- 
trated by the army gas mask 

Fractional Condensation. — While theoretically it may be pos- 
sible to separate two gases by applying such a pressure and 
temperature that one will condense to a liquid, and not the other, 
it IS found m practice easier to condense the gaseous mixture as 
a whole, and subsequently to separate by fractional distillation. 
The treatment of this method of separation will be found under 
Distillation Examples of this method are seen in the recovery of 
oxygen and nitrogen from the atmosphere, or of helium from 
natural gas 

PART VI. SOLIDS FROM LIQUIDS 

The many important devices which are in use for separatmg 
suspended solids from liquids may be studied under two general 
heads. First those in which the liquid is still and the solids 
move through it and settle to the bottom of the container by the 
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force of gravity Second those in which the liquid passes 
through a porous membrane of such character that the solid is 
retained The membrane may be of the most diverse character 
and varies from a tower filled with coarse charcoal to a plate of 
unglazed porcelain of almost micioscopic openings A further 
classification may be made according to the character of the 
force which drives the liquid through the membrane 

a. Sedimentation. — As has been shown, the factors which con- 
trol the movement of a solid body through a resisting medium 
are the size and specific gravity of the particle, and the density 
and viscosity of the medium 

The viscosity of the medium may be greatly changed by a 
change in its temperature, and the rate of sedimentation thus 
modified Manifestly, if the individual particle could be made 
larger the frictional resistance would be decreased and sedimenta- 
tion would follow This may be accomplished in two ways 
Firsts by inducing the large particles to increase m size at the 
expense of the smaller ones by agitation Since a small particle 
has a greater solubility than a large one, the solution acts as a 
medium by which the material composing the small one is trans- 
ferred to the large one ^ Second, by bringing about an aggre- 
gation of the fine particles into larger units either through the 
addition of an electrolyte which will destroy the colloidal con- 
dition, or some substance capable of forming a voluminous pre- 
cipitate which will entrap and drag down with it the very fine 
particles The size of particle varies considerably in a suspen- 
sion, but the rate at which the upper surface of the suspension 
settles IS determined by the size of the smallest particle in it 
If the range of particle size be not too great, the line of demark- 
ation between sediment and supernatant liquid will in general be 
clear, becoming indistinct, however, if the percentage of the 
smaller particles is low 

The general laws according to which sedimentation takes 
place, a knowledge of which is necessary in order to design 
apparatus which shall operate most efficiently as to time and 
material, have been investigated by Eollason ^ 

1 Since solubility usually increases with temperature, heating hastens 
the coagulation of a precipitate and hence its sedimentation It also helps 
by decreasing viscosity 

2 Undergraduate Thesis, M I T , 1913 
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It has been found that the settling of a solid through a fluid 
takes place in three stages — the first stage being known as fiee 
settling^ the second as a tmnsihon period, and the final stage as 
impeded settling The rate of settling during the first stage is 
constant, i e , A the top of the sludge drops 1 ft in one 20-min 
period it will drop the same distance in the next 20 mins When 
the particles of the sludge have settled to such a point that they 
begin to interfere with each other's motion the rate of settling 


decreases This condition is reached when reaches a certain 

Hq 

value determined by the character of the suspended solid, where 
h IS the height of the sludge at the time the rate is measured and 
/lo IS the final height to which the sludge will settle after a very 
long time has elapsed The rate during this transition stage 

gradually falls until a point is reached where ^ equals a second 

constant. Then impeded settling begins and the rate may be 

calculated from the expression, ° 


-dr^- 


hn 


Fiom this it fol- 


lows that, during both free and impeded settling of a given sus- 
pension, the time necessary to drop between two fixed values of 
h/ho IS proportional to h During the transition period this 
relationship continues to hold, which, in turn, simplifies quantita- 
tive design 

In an intermittent sedimentation tank, the clear liquid must 
be drawn off to as near the surface of the sohd as possible without 
disturbing it This may be done by a series of draw-off cocks 
fitted down the side of the tank at different levels For large 
tanks a draw-off tube such as is shown in Fig 82, is most service- 
able and easily constructed Or, a bent tube entering the tank 
through a packing box and a swivel jomt and turned from the 
outside, IS a very satisfactory device for drawing off the liquid 
to a predetermined level 

Dorr Thickener. — If the sedimentation tank is to be con- 
tinuous m its action, provision must be made for allowing the 
liquid at some part of its path to come almost to rest in order 
that the solid may become attached to a support, or to allow 
the solid to drop from the movmg part of the fluid into a portion 
which IS still and from which it may further separate slowly 
An example of this type of apparatus is the Dorr thickener. Fig 
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83 This consists of a laigo, shallow, cylindrical tank into which 
the slurry is fed at the center The solid material gradually 
settles to the bottom and the clear liquid overflows through 
openings m the periphery of the tank The tank is fitted with 



rotating arms carrying plows which rake the settled material 
towards the center of the bottom where it is discharged through 
an opening with the aid of an ejector or pump It would seem 
as though devices of this type might find considerable use in the 
chemical industries where decantahon of a clear supernatant 
hquor with filtration of the resultant sludge would be more used 
if it were not for the time consumed 

In order that the time required for solid matter to settle out 
of a liquid may not be excessive, the path which the solid particle 
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will travel before finding a lodging place must be short The 
deposition of the sediment will, however, quickly interfere with 
the gentle flow of the liquid over the surface of a narrow channel, 
if some provision be not made for automatically removing the 
deposit Apparatus of this type has found its greatest develop- 
ment in the art of water purification, especially the softening of 
boiler feed water A good example of such structure is found 
in the Kennicott Continuous Water Softener where the boiler 



Fig 83 — Dorr Thickener 


feed water, after having been mixed with lime and soda, is pumped 
into the bottom of the apparatus which consists of several per- 
forated cones placed one above the other in a cylindrical tower 
The water containing the suspended solids passes through the 
perforations, the solid being deposited in the cones and settling 
down into the bottom of the tower 

When gravitation does not supply enough force to separate 
the solid from the liquid hy sedimentahoUj recourse may be had 
to centrifugal force Although not used for this purpose to a 
large extent in industrial work, a centrifuge’^ capable of a very 
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rapid rotation is indispensable in a well-equipped laboiatory 
The rotating element may take the form of a frame holding a 
series of glass tubes in which a number of liquids may be placed, 
or a cylinder with a solid wall against which the solid is thrown 
Flotation . — Manifestly when a suspended solid is lighter than 
the liquid, it can be collected at the top of the liquid and either 
skimmed or floated off Frequently efficient and complete 
separation of fine particles requires the aid of a sort of bombarding 
effect of fine air bubbles ascending from the bottom The par- 
ticles are thus propelled upward and tend to coalesce with the 
mass at the top. This method frequently commends itself when 
handhi^ greases, fats, gums, and material of this kind: materials 
which do not lend themselves to other methods of separation 
b. Filtration. — This subject is of such importance that the 
succeeding chapter is devoted to it. 



CHAPTER XI 


FILTRATION 

General Considerations. — Filtration is the process of separat- 
ing suspended sohd material from a liquid by forcing the latter 
through the voids of a porous mass called the filtering medium. 
The two important variables to be considered m the construction 
of a filter are therefore the material which forms the separating 
medium and the method used for forcing the liqmd through this 
medium It is obvious that the latter will be largely determined 
by the resistances to flow offered by the former. When this 
resistance is relatively small the force of gravitation is all that 
IS required, and such an appaiatus is known as a gravity 
filter ” If gravity is not sufficient, the pressuie of the atmosphere 
may be allowed to act upon one side of the filtering medium, 
while it IS withdrawn from the other side; such a device is called 
a '^vacuum filter.’^ But a filter of this type is limited to 15 lbs 
pressure per sq. in , therefore, if greater force be desired a positive 
pressure in excess of the atmosphere is applied to the liquid mix- 
ture by means of a pump on the other side This may be a 
heavy air pressure upon the supply reservoir, usually in the form 
of a monte jus,” or the hquid mixture may be forced directly 
by a pump against the filtering medium This gives rise to the 
mechanism known as filter press ” of which there are a number 
of types Finally one may employ centrifugal force to drive the 
liquid through the filtering medium; machines so operated are 
known as '^centrifugals ” or '' centrifuges.” 

In a systematic treatment of filtration, however, it seems 
best to consider the different types of filters from the point of 
view of material making up the filtering medium, rather than the 
kind of force used in their operation. An efficient filtering 
medium may function in either, or all, of three ways: First, the 
size of the channels through it may be smaller than the size of 
the sohd particles to be retained, and thus only the fluid can 
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pass through, Second, the channels may be larger than the solid 
particles but be of such a charactei that the sohds will adhere to 
their walls and only the clear liquid will pass through, or 
Third, the channels may at first be larger than the solid particles, 
but of such a size that they will fill up with the solids to an 
extent that the openings finally become smaller than the solid 
particles. These sohds may be the material itself or some '' filter 
aid such as kieselguhr, infusorialjeaith, fuller^ earth, fine sand, 
wood pulp, calcium, sulphate, calcium carbonate, etc In this last 
case, the first liquid to pass the filter may not be clear, and the 
active life of the filtering membrane may be short, but m practice 
it is generally better to employ a rather coarse material and depend 
upon building up a desired filtering medium, than to employ a 
very dense cloth The conditions which control the choice of 
a filtering membrane and the methods of forcing the hquid through 
it are so numerous that no general statement can be made The 
controlling factors will be discussed as they appear in treating 
the types of filters now available 

CLASSIFICATION OF FILTERS 

To satisfy most commercial conditions a filtering medium 
must be easily cleansed or cheaply renewed Hence the construc- 
tion of the filter must provide either for removing the porous 
membrane for cleansing and replacing it as a separate element 
of the structure, or for washing or re-forming the membrane 
within the apparatus This latter class is generally apphcable 
only when the proportion of solids in the hquid is small, and 
when it is not desired to recover the sohds after their removal 
Consequently filters may be classified according to their structure 
into 

1. Filters with a loose or granular membrane. 

2. Filters with a felted or woven membrane 

3. Filters with a rigid, porous membrane. 

4. Filters with a semi-permeable membrane.y^ 

(1) Filters with a Granular Membrane 

The simplest form of filter is a containing vessel with a false 
bottom fiUed with a granular material sufficiently fine to arrest 
the material in suspension. The choice of substance must depend 
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upon the character of the liquid to be filtered For example, 
a deep layer of coarsely crushed chaicoal has been found most 
efficient for removing the heavy tar from pyroligneous acid, the 
product of destructive distillation of wood In this treatment 
the purification probably is accomphshed more by the abihty 
of the charcoal to absorb and hold back the tarry matter, than to 
the size of channels between the pieces of chaicoal For the re- 
moval of certain impurities in raw sugar syiup a filter of this type 
IS frequently employed, but the phenomenon is m this case one of 
adsorption 

Box filters consist of a box with a peif orated bottom usually 
covered with successive layers of coarse gravel, fine pebbles, and 
canvas or cloth respectively Although these filters are generally 
of the hydrostatic head type, suction may be used or a cover 
may be provided and positive pressure used in the filtration. 
An iron giatmg is generally placed over the canvas so that the 
sludge may be removed by means of shovels without injury to the 
filter 

For most salt solutions fine quartz sand is ordmarily adopted 
in this type of filter, as it is practically insoluble, and quickly 
settles into a compact layer of uniform structure. For alkaline 
hquids crushed marble or a pure limestone is a most service- 
able material Suspended matter is arrested by such a medium 
partly by its inability to pass through the minute channels 
between the grains of the filter bed, and partly by adhesion to 
the grains. When cleansing is necessary a current of water may 
be passed backward through the filter This operation is efficient 
only in so far as the filtering medium is broken up and uniformly 
exposed to the reversed current. To avoid the formation of 
channels and to loosen the entire mass so that the grains may 
rub against each other and so be freed from the adhering sediment, 
a current of air may be forced up through the mass together with 
the water. Or if such agitation be not sufficient, the mass may be 
broken up by a mechanically driven sturer The slow rate of 
filtration through sand requires a large filtering area 

(2) Filtees with a Felted or Woven Membrane 

When the amount of solid material in the liquid is large, or 
when it IS desirable to recover the sohd portion, a loose filtering 
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medium becomes inadmissible and a felted or woven fabiic of 
fibers is employed This fabiic may be made fiom vegetable 
fibers such as cotton, hemp, or jute foi weak alkalies, of ani- 
mal fibers, such as wool oi hoise hair for weak acids, or mineral 
fibers, such as asbestos for strong acids, and finally the membrane 
may be made from fine metal wire for veiy strong caustic, or 
where a high pressure is demanded The use of wire filter cloth 
is developing rapidly 

The simplest foim for such a filter is a circular or rectangular 
box or container to the lower edge of which is firmly bolted a 
perforated bottom The filtering cloth or other fabric is laid 
on this false bottom and extends out between the walls of the 
container and the bottom thus making a tight joint By bolting 
to this false bottom an air-tight shell, vacuum may be apphed 
and the pressure of the atmosphere allowed to force the liquid 
through 

It is easily seen that if a pressure of greater than 15 lbs per 
sq in is desired, instead of attaching the shell to the false bottom, 
the container may be closed on top with a sohd plate, and the 
mixture to be filteied foiced into this chamber fiom the side by 
a pump Although this pressure is limited only by the strength 
of the appaiatus and frequently rises to 100 or even 150 lbs per 
sq m , the object of the operation may easily be defeated by using 
too great pressure, especially at the beginning The size of the 
minute channels m the filtering cloth remains constant only when 
no part of the solid matter finds its way into these openings If 
the precipitate to be filteied is crystalline and larger than the open- 
ings, a network soon forms on the surface of the cloth which 
protects the opemngs, but if the precipitate is gelatinous in nature, 
a large initial pressure can easily force enough of the solid matter 
into the channels to close them, and render fiGitration impossible 

Development of Filter Press. — If m the pressure filter just 
described, instead of the air-tight top there be fastened to the 
container a second false bottom and filter cloth exactly like the 
first, and the whole apparatus placed on its edge, the liquid 
mixture to be filtered may be pumped into the container as before 
and the clear filtrate will flow from ioth sides. The active 
filtering area is thus doubled at very small cost. When the 
container has become entirely filled with the solid, the mass may 
be easily and efficiently washed by fastemng a shell, with an open- 
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ing at the bottom, to each of the filtering faces, filling one shell 
with water through its opening, and forcing this wash water 
through the cake and out the other side These shells will not 
interfere with the next operation of filtration, as the filtiate can 
discharge through the same openings as serve to introduce and 
discharge the wash water 

This pressure filter unit is now seen to consist of a chamber 
into which is pumped the mixture to be filtered, bounded on both 
sides by a filter cloth suppoited by a perforated structure or 
false side Next to each false side is a second chamber 
from which the filtrate passes from the filtering surfaces, and 
from one of which water may later be forced through the filter 
contents to the other 

It is obvious that a number of these units may be placed side 
by side on a common support, filled from the same pressure 
supply pipe, and discharge the filtrate into a common receiver 
By placing these umts close together, the space between the 
filtering faces will function as the shell above used for washing, 
so that by forcing water into every other such chamber, one 
becomes a supply space and each alternate chamber a discharge 
space for wash water 

If now the end filter be placed against a solid rigid support, 
and provision be made for firmly pressing the other filters against 
it, it is possible to omit the bolts which hold the false sides and 
filter cloths to the filter chamber, and hold the entire structure 
together by a heavy lateral pressure In this way is built up an 
exceedingly important piece of apparatus known as the Ftlter 
Press. 

It is apparent that an apparatus as above constructed may be 
much simplified Instead of using a perforated plate as a sup- 
port for the filter cloth, the plate may be solid, but supplied 
with checkered grooves or channels The cloth is held against 
the face of this plate while the filtrate flows off through these 
channels In another type the ridges radiate from the discharge 
opening which may be located either in the corner or center of the 
plate. 

Filter-press Plates ; Flush, and Recessed. — If the ribbed por- 
tion of such a plate be recessed the cloth may be made to bulge 
into the hoUow portion When two plates of this type are placed 
together, a chamber for the solids is formed between the two 
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filter cloths, and the filter frame eliminated These are known 
as recessed plates and when the amount of sohds to be 
separated is small, and difficult to filter, such plates are to be 
recommended, as the cake when formed is thin and easy to wash 
When the amount of sohds is large, however, the plate should be 
flush, and the distance frames already described should be em- 
ployed, as too great a strain on the filter cloth shortens its hfe 
(See Fig. 85.) 


A 



Fig 84 — Diagram Showing Assembly of Recessed Plates 


Instead of supplying these filter frames from a pipe on the 
outside of the structure, each frame and plate may have a hole 
in the corner, thus providing a channel from one end of the press 
to the other. This channel may connect with the interior of 
each frame by an opening in the corner and through this channel 
the entire press may be fed Figure 84 shows the two types of 
recessed plates which fit on either side of such a frame, the reverse 
side in each being the same. The upper is known as a “ one- 
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button plate ’’ and is provided with the discharge cock from the 
opening B to carry off the filtrate as it flows down the ribbed 
channels back of the filter cloth The lower, called a three- 
button plate, has in addition at the upper right-hand corner, 
an opening for the admission of wash water to the recessed 
portion from the lateral channel C When the frame is full of 
solids, the outlet cock of the ‘"thiee-button” plate is closed, and 
water forced through this opening in behind the filter cloth. It 



Fia. 84A —Washing of Filter Cakes in Chamber Press with Recessed Plates. 

spreads over the surface of this plate, passes through the cake 
and is collected on the face of the '' one-button plate and dis- 
charges through the outlet cock. 

The two channels A and C must be provided with air-discharge 
cocks, when the mixture is first forced through A, the air in the 
frames and plates can escape through C; and when the wash 
water is supplied through C the air which would otherwise be 
trapped, escapes through A} 

Figure 84A shows the conditions during washing in a filter 

1 For a general discussion of filter plates, see Chem, Met Eng , 22, 493 
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press with recessed plates The space between the filtei cloth 
and the plate is much exaggeiated to show the couise of the 
wash water Ever}' alternate outlet cock is closed, the wash 
water being diveited into a separate run-off tiough by turning 
the cuived end on the outlet cock through 180°, or by means 
of a shoit piece of rubber hose on the end of the outlet cock 
Obviously, the wash water must tiavel twice the distance through 
the press cake that the filtiate did The end plates, supporting 
flames, and device foi supplying the piessure to close the integral 
parts of the press must be of heavy construction and are generally 
of cast iron The frames may be of iron, tin, zinc, lead-coated 
iron, bronze or wood, according to the properties of the material 
to be filtered. 



Fig 85 — Shnver Plate and Frame (Chamber) Filter Press 

Presses may be constructed with channels m the frames and 
plates through which steam or cold brine can be circulated In 
this way one can at will maintain the filtering surface at either 
a high or low temperature 

In order to empty a chamber press it is necessary to release 
the pressure on the plates and to separate the elements of the 
press by sliding each one along the supporting rods The cloths 
are cleaned or replaced and the cakes are discharged into a 
hopper, or conveyor immediately below the press 

The filter press has a large area for its bulk, but washing, 
emptying and resetting are slow and labor charges high when 
compared to a leaf press (See pp 372 to 379 ) 

Leaf Filters. — Another method of supporting the filtering 
medium for either vacuum or positive pressure filtration is found 
in what is known as the ''leaf^^ or the “ submerged filter. 
The principle may be understood by considering the filtering 
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mechanism shown in the diagram A frame is made of heavy 
screen suspended from an outlet nipple, see Fig 86, and enclosed 
in heavy filtei cloth When this leaf is submeiged in the liquid 
magma and a vacuum applied to the outlet pipe, the liquid is 
drawn through the cloth, while the solids adhere to the outside of 
the leaf In addition to the dimimshed pres- 
sure maintained within the filter leaf, a positive 
pressure may be exerted upon the liquid mass in 
which the leaf is submerged. When a layer of 
sufficient thickness, which varies from | to 1| 
in , has been obtained it may be washed in two 
ways. The loaded leaf with the vacuum still on 
may be transferred to a second vessel filled with 
water, and enough water drawn through to wash 
the precipitate, or, the magma may be withdrawn 
from the first vessel and replaced with water 
without moving the leaf The charge of solids 
adhering to the leaf may now be quickly dis- 
charged by forcing air or water through the leaf 
in the reverse direction, it is then again ready 
to be immersed in the filtration tank 

This idea has been utilized in a number of 
forms, the more important at present being that 
of the originator of the method, the Moore, and, 
those for positive pressure, the Kelly and the 
Sweetland presses 

Moore . — The first of these is simple in con- 
struction, though it does not so easily admit of Fig 86 —Moore 
applying a positive pressure to the outside of the Filter-leaf 
filtering leaf The leaves are constructed in 
multiple in frames carrying 30 or more, and the whole hfted 
and transported by a crane In operation the frame is low- 
ered into a tank containing the mateiial to be filtered, kept 
continuously agitated. When suction is applied to the outlet 
pipe, the liquid passes through the cloth and the precipitate 
builds up an adhering cake The cake is washed by bodily 
lifting the frame, suction being maintained, and immersing it 
in a tank of water or dilute wash water. It is diied more or 
less by suction and discharged by blowmg water, air or steam 
back through the leaves. 
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Kelly , — The Kelly press consists m a heavy supporting frame 
upon which is mounted a pressure tank or press shell, which holds 
the material to be filtered when under pressure, a traveling filtei 
carriage supporting the filter frames, each made up as aheady 
described of a frame and a filter cloth covering, the whole tele- 
scoping into the tank, a closing device, forming the head of the 
pressure tank by means of which the filter frame and leaves are 



Fig 87 — Kelly Filter Press 

tightly locked within the tank, and a series of automatic air and 
water valves. 

Each leaf on the carriage is connected to a discharge cock 
in the head, and is proportioned in size to conform to the ciiculai 
cross-section of the pressure chamber into which it runs The 
operation of the fiilter is as follows the carriage is drawn into 
the chamber, locked, and the liquid mixture forced in The air 
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escapes through a valve and the clear filtrate flows from the 
cocks in the head to the dischaige guttei Should any leaf fail 
to give a satisfactory filtrate it may be cut off by closing the 
cock as in the old type of filter press 

In case there is a tendency for the heavy particles to settle 
to the bottom of the tank before they become attached to a filter 
leaf, a ciiculation of the mass may be maintained by allowing 
a little liquid to flow back to the feed tank The thickness of 
the cake is automatically detei mined by a tell-tale device. 



Fig, 88 — Sweetland Filter Press 


As soon as cakes of sufficient thickness have been formed, 
the excess liquid is diained off, or forced out of the tank by means 
of compressed air, and wash water is forced in When washing 
IS completed, the head is unlocked and the carriage and loaded 
leaves run out of the tank by gravity Compressed air, steam or 
water is now forced into the leaves and the adhering cakes are 
blown off, when the cakes are removed the counterpoise weights 
draw the carriage back into the tank, and the cycle is repeated 
Sweetland . — The Sweetland press consists of two semi-cylin- 
drical castings, the upper half being held rigid in its support and 
carrying circular filter leaves with suitable outlet connections. 
The lower half is hinged to the upper^ and is capable of closing 
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upon it, forming a tight pressure chamber, and later swinging 
open, exposing the leaves 

The operation of the pi ess is in principle the same as the Kelly 
press, suitable provision being made for supplying and withdraw- 
ing the liquid magma and wash water and the com pi essed air for 
discharging the filtei cake from the leaves Some types provide 
for spraying the leaves with wash water while the shell is empty 
instead of entiiely filling the shell with water, and for using a 



Fig 89 — Cross-section of Sweetland Press 


stronger spray, directed against the leaves, for sluicing out the 
sludge without the necessity of opening the press. 

Filters of the foiegomg type have been on the market for 
relatively few years, but the pnnciple is capable of being utilized 
in many cases and greatly modified to suit individual condi- 

Continuous Rotary Filters. — The suction filters already 
desciibed are stationary flat surfaces on which the precipitate 
is drawn by suction, and from which the accumulated sludge is 
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periodically lemoved, eithei by sci aping oi by internal pressure. 
By making the filtering surface take the form of a lotating drum, 
from the hollow ti unions of which the filtiate is continuously 
removed, a new type of filter now much used for fiee filtering 



Fig 90 — End View of Oliver Continuous Rotary Filter 


solids such, for example, as precipitated calcium carbonate, is 
obtained 

The rotating element may be either a disk or a drum, the 
surface of which is made up of a number of shallow compartments 
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over which is placed the filtering medium. If a disk, these com- 
partments are segments of the circle foimmg the sides, if a drum, 
they are portions of the peripheral area In either case these 
compartments are connected to the shaft by separate pipe 
systems leading to ports in the hub The rotating portion is 
immersed in a tank of the material to be filteied Those com- 
partments which are submerged are at this time connected to the 
suction ports of the hub, the filtrate is drawn through the hollow 
trunnion and the sludge is deposited on the filter. When a com- 
partment emerges from the liquid, the port connecting with the 
filtrate suction closes, and one connecting with the wash water 
suction opens. Wash water is sprayed at considerable pressure 
on the surface of the deposited sludge. When sucked reasonably 
dry, a third set of ports is reached, and compressed air, water or 
steam is blown thiough in a reverse direction, and the filter cake 
is blown off into a suitable receptacle. 

Filters of this type require little labor, and are adapted to free 
filtering materials in solutions at a temperature such that vapor 
pressure does not defeat the action of the vacuum pump 

Bag Filters. — Bag filters are a type using the principle of 
hydrostatic head They are made of twilled cotton, always sup- 
ported by coarse netting strong enough to stand the pressure 
used When hot liquids are filtered the bags may be hung in a 
steam-heated room where the temperatuie can be maintained 
as high as desired This type of filter is being rapidly replaced 
by the mechanically operated ones. 

Centrifugals. — Centrifugal force may be applied to the separa- 
tion of sohds from hquids with great advantage providing the 
nature of the solids is such that they do not under pressure form 
an impervious or impenetrable layer Hence for the separation 
of hquid from cotton, wool, or fibrous matenal of any kind or 
from granular or coarsely crystalline substances the so-called 
hydro-extractor or centrifuge is extremely serviceable Although 
there are a number of types of such machines the principle of all 
is the same, namely, the rapid rotation of a perforated cage or 
basket in which the material is placed and which retains the 
sohds while the liquid portion is pressed through into the outside 
casing The revolving element must be free to assume as a center 
of gyration the center of gravity of the basket and its load 
Therefore provision must be made for allowing the basket and 
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supporting shaft upon starting to swing somewhat from the 
perpendicular 

Hydro-extractors may be over-driven, that is, suspended 
and driven from a rigid support over the basket, or they may be 
under-driven as in Fig 91 They are made of many materials 
such as steel, bronze, stoneware, etc , and the perforated basket 
is covered with such filtering medium as best serves the purpose 
at hand. For many materials the basket itself suffices. 



In textile work hydro-extractors are best dischaiged by lift- 
ing the load out through the top of the basket. For the chemical 
industries extractors may be built with a removable bottom 
which allows the charge to be dropped into a chute or conveyor 
When atmospheric or hydrostatic pressures are employed 
m filtration, suitable gauges are available for determining both 
the safe and efficient working conditions There is, however, 
no ready means for finding the pressure being exerted upon the 
charge or the basket in a hydro-extractor, so that recourse must 
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be had to a calculation of the pressure due to the centrifugal 
force which obtains when the apparatus has reached its working 
speed The formula for centrifugal force is 

where W is the 'weight in lbs , R the radius in ft , and N the r p m 
This IS the radial component of force and therefore the measure 
of the tendency of the liquid to leave the solid 

(3) Filters with Rigid Porous Membrane 

When ordinal y brick or pottery clay is burned at a low tem- 
perature a rigid mateiial is produced which is filled with a large 
number of very small channels It is clear that the plastic mass 
may be given any desired shape before burning and that the 
porosity may be controlled by the density of the plastic structure 
For some purposes such a material furnishes an excellent filtering 
medium A filter may be constructed by fitting tiles or blocks of 
this material as a lining to any convenient container and drawing 
away the filtrate from below A pressure filter, much like the 
leaf type in principle, may be made from a series of porous cylinders 
with one end closed and the other set in a head piece, the whole 
being enclosed in a container which holds the liquor to be filtered 
Between the cylinders is placed a mass of coarse sand under 
which are ports for compressed air. When the cyhnders become 
clogged air is blown up through these ports and the sharp sand 
effectively scours the filtering membrane and removes the accu- 
mulated sediment Filters of this type are efficient in removing 
exceedingly small particles and are much used in purifying water 
for domestic use. 

In recent years a natuial, porous, silicious material (Filtros) 
has been introduced for such filter construction It can be cut 
into blocks and cemented into place It is acid resistant and 
has proven very successful for filters of this type 

(4) Filters with a Semi-Permeable Membrane 

The property possessed by some substances of passing m 
solution through a membrane such as animal bladder or parch- 
mentized paper which holds back other dissolved substances. 
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furnishes a method of sepaiation sometimes of gieat value This 
is known as dialysis and is extensively used in the beet-sugai 
industry The dialysing apparatus for extracting the soluble 
crystalloid ’’ from the hquor is built up much hke a filter press. 
The liquor and water are mtioduced slowly through two funnels 
and pass through alternate chambers which are separated by 
parchment. The crystalloid diffuses through the membrane into 
the water and the two liquors are drawn off continuously thiough 
separate pipes 

Separatioix in Hydraulic or Screw Presses 

When it IS necessary to remove a small amount of liquid 
from a relatively large amount of solid, as for example, the con- 
tained oil from seeds or the adhering oil from 'paiaffin wax, a 
much greater pressure is required than can be exerted in the filter 
presses already considered, and a screw or hydrauhc press is 
used This is a very strongly built frame between the ends of 
which the mass, enclosed m properly designed receptacles, is placed 
and subjected to a great pressure either by a powerful screw act- 
ing through a toggle joint or by a hydrauhc ram. 

Pulpy materials, e g , apples for cider, are effectively handled 
in a press ^ consisting of a truncated conical shell built up of steel 
bars closely set together and fitted with a powerful internal screw 
The stock is fed from a hopper at the larger end and forced through 
the shell parallel to its axis by the screw The liquid exudes 
through the small cracks between the bars The pressure is 
regulated by controlhng the size of the outlet at the small end of 
the press and the time of exposure of the stock to pressure depends 
on the rate of rotation of the screw The liquid must travel 
a relatively long distance through the stock and the pressure is 
not so high as in a hydraulic press but the capacity is very large 
and the labor costs negligible and, wheie apphcable, this type is 
unexcelled 


^TES ON OPERATION OF FILTERS 

Back Pressure Operation. — In pressure filters with a closed 
delivery system, the drop in pressure from one side of the filter- 
ing medium sometimes results in conditions making continuous 
^ See Fig 108, p 484 
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operation difficult Thus, for example, hot liquors become 
supersaturated owing to the very rapid evapoiation due to fall 
in pressuie, the acid caibonates of calcium and magnesium lose 
their carbon dioxide and separate a crystalline deposit in the 
cloth This trouble may frequently be eliminated by maintaining 
the dischaige under a positive pressure until free from the press 
This may easily be done by passing the filtrate fiom the pi ess 
01 plates through an inverted U-pipe open at the top and discharg- 
ing at the press in full view of the opeiator To be sure this 
piessuie acts against the pressure on the pump side of the press, 
but this loss can easily be made up by increasing the working 
piessuie of the pump by this amount, since the effective pressure 
is the difference between that obtained inside the leaves or plates 
and that on the outside 

^^hoice of Pump. — For many years pressure filtration was 
limited to recipiocatmg pumps and compressed an in a monte jus 
The former is frequently objectionable on account of the pulsations 
of the stroke unduly compressing the cake, and the tendency, 
even when supplied with ball valves, to fail to function due to 
gi]t or other material wedging the valves The monte jus is 
ideal from many points of view, but is cumbersome and consumes 
much compressed air Centrifugal pumps are efficient if the size 
is adapted to the dischaige rate If too large, and the rotor 
becomes an agitator, good filtration is sometimes made very 
difficult The rotary displacement pumps are rightly becoming 
very popular, because they combine positive action with an 
absence of valves and pulsations. Provision must be made for 
by-passing the discharge back to the supply tank when the 
working capacity of the press is exceeded 

Uniformity of Cake. — Where it is desired to wash a cake, 
especially in leaf filters, it is imperative to have it umform in 
Older to get equal distribution of v/ash water. If the sludge 
particles are non-homogeneous in size and shape, e g , where 
“ filter-aid ’’ ^ has been added, the slurry must be kept agitated 
during filtration Otherwise the heavy particles wiU settle out 
and accumulate on the bottom of the leaf while the finer particles 
which filter less freely will be at the top In such case the bot- 
tom will wash well and the top not so well 

When a sludge settles at an appreciable rate, decantation 
^ See p 342 
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should precede filtration, even though it be necessary to pass the 
turbid liquid through the filter. This generally prevents the sludge 
from settling m the filter, although with non-homogeneous sludges, 
or those containing filter-aids, agitation may be necessary to 
insure an even filter cake. 

Life of Filter Cloths — If the liquids filtered are either acid or 
alkaline in reaction it is very important to avoid concentration 
upon the filter cloths due to drying out of the cloth eithei during 
the dumping and cleaning period or while the press is not m use. 
Otherwise serious deterioiation of the cloth will result When 
not in use, the press should be kept filled with water not only to 
protect the cloths but also because any corrosion will form non- 
adherent oxide which can be readily removed prior to use 

Plugging of Cloths. — Especially in the case of fine, slimy 
precipitates the sludge is likely to force its way into the fabric 
and plug up the finer openings of the cfoth, resulting in marked 
increase in resistance In many industries the commercial life 
of filter cloth is limited by this plugging effect rather than by 
weakening of the fabric Sometimes the material can be removed 
by a suitable solvent, but often it is very refractory. Where 
allowable it is desirable to minimize this effect by first charging 
the press with “ filter-aid ” to form a removable filtering medium 
which wiU prevent the finer precipitate from reaching the cloth. 
Wire fabric has less tendency than cloth to plug up in this way 
and wiU stand more drastic treatment in cleaning 

Choice of Filters. — When a new problem in filtration comes 
up it IS impossible to predict with assurance what one of the 
many factors influencing the choice of filter equipment will be 
controlling in importance, but the following generalizations may 
be helpful. 

The positive pressure type of leaf filter is used to handle 
sludges which filter with difliculty and therefore require pressure 
With it the sludge may be subjected to a long, thorough washing 
Furthermore the solutions and wash water can be hot, even above 
the boiling point at atmospheric pressure, without evaporation or 
serious cooling during filtration. Since they are readily cleaned 
they are especially adapted to the handling of extremely large 
qug[,ntitie^ of sludge 

In the changer press high pressure and temperature may also 
be used without difficulty. Washing, however, is less efficient 
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than in leaf filters because reversal of flow through the half- 
cake opens up channels The labor cost of dumping and re- 
assembling IS much greater than in the leaf press, but the initial 
cost per sq ft of filtering area is less Consequently the cham- 
ber press is superior to the leaf where the ratio of sludge to liquor 
handled is small and especially where it is unnecessary to clean 
the press frequently For small scale operation it usually is 
superior to other types It can also be made to give a dry, 
hard cake 

Free-filteiing materials which can be filtered cold and which 
requiie no washing, or at most a short washing period, are best 
handled on the continuous rotary type of filter For purely 
de-watermg operations these are extremely successful The scale 
of production must be leasonably large to justify their installation. 

For the removal of very small amounts of precipitate fiom large 
volumes of water, sand filters are frequently employed The 
removal in this case is to no small degree a matter of entanglement 
of the precipitate on the surface of the filtering medium This 
type is extensively used in water puiification Box filters with 
cloth or other filtering medium are occasionally employed for 
small scale work, especially for very free-filtering solids 

Acid hquors can be handled in plate and frame presses con- 
structed of wood, on acid-proof continuous rotaries or in open- 
tank vacuum-leaf filters of wood or lead Alkahne hquors are 
successfully filtered upon a medium of woven wire cloth or screen. 

De-watenng of very free-filtering solids (crystals) is best 
carried out in centrifugals In such apparatus the solution on 
the surface of crystals which are not too fine (30 or 40 mesh) can 
be reduced to below 5 per cent 

FILTER CALCULATIONS 

A filter cake consists of a mass of small particles, irregular in 
shape, closely packed together. The liquid passing through the 
cake flows through the voids between these particles, and always 
follows straight hne motion ^ The cake may be considered as 
equivalent to a series of capillary tubes of definite average 
diameter. The flow through any one of these equivalent capil- 

iSeep 73 
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lanes IS given by Poisemlle’s equation, 

p S^jjlLu 

where P = the pressure drop, fi the absolute viscosity of the liquid, 
L the length of tube, u the lineai velocity of the liquid, and D 
the diameter of the capillary For a filter cake of thickness L and 
area A, with K capillaries per unit area, 

dV _ ^ TcD^PgA 

dd 128AtL ^ 

dV 

— being the rate of flow in volume per unit time 

This equation cannot be apphed directly to the solution of 
filtration problems, but an understanding of it helps to explain 
the phenomena encountered and to develop a workable equation 
This equation indicates that foi incompressible sludges, ^ e , 
those with constant size of voids, the filtration rate is propoi- 
tional to the pressure, but that for compressible sludges the 
filtiation rate will increase much less rapidly than in proportion 
to the pressure because the increased pressure decreases the size 
of opening That the behavior of sludges under pressure will vary 
greatly with the character of the sludge may therefore be expected 
Since the rate of flow through capillary tubes is inversely 
proportional to the viscosity of the fluid, filtration is retai ded 
by decreasing the temperature because of the increased viscosity 
of the liquid to be filtered The available data are msuflficient 
to prove exactly what relationship exists Where the physical 
character of the sludge does not change with temperature, it 
may be assumed that the rate of flow is inversely proportional 
to the viscosity, a relationship indicated by the experimental 
results on homogeneous incompressible sludges 

The equation also indicates that the filtration rate is directly 
proportional to the area of the filter and inversely proportional 
to the thickness of the cake 

Differential Equations for Incompressible, Homogeneous 

Sludges 

Since the pressure drop through a cake is proportional to the 
velocity of flow, it is most convenient to consider filtration rate 
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as equal to the driving force, z e , the pressure, divided by the 
resistance. This resistance consists, however, of two parts, the 
lesistance of the cake itself, jS, and that of the press and filter- 
ing medium In a well-designed press the resistance of the mam 
channels should be neghgible, whence the press resistance will be 
inversely proportional to the filtering area. It is therefore 
assumed as such. Hence 


dV Pt 



( 1 ) 


The meaning of all symbols zs given in the Nomenclature Table, p. 
363 For those cases in which the resistance of press and filtering 
medium is small compared with that of the cake (as is usually 
true for slow-filtering sludges) this simplifies to 


do R 


. (la) 


For the time being this form will be used and the correction term 
for press resistance inserted later. Since resistance is proportional 
directly to the length and inversely to the area of a conductor, 
rL 

obviously R — Also, since the volume of the cakes in the 

press is LA, while the sludge brought in by the liquor is vV, 
equating these gives 


Thus one may write 


L 


tfV 

A' 


i2 = 


rvV 


whence the Eq. (la) becomes, 


dV^PA^ 
do rvV^ 


(2a) 


or, allowing for the press resistance, Eq (1) becomes, 


dV^ PtA^ 

dd rvV+pA 


.... ( 26 ) 
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Nomenclature 

A = total area of filtering surface in sq ft 

V == total volume of filtrate in cu ft obtained up to the variable time 6 
v = volume of cake, as it collects on the filter, m cu ft per unit volume of 
filtrate 

P — pressure drop through the cake 

Pf=piessure drop through cake, filtering medium, and press channels 
6 = total time of operation 

= total resistance of the cake to flow of filtrate through it 
r = specific resistance of the cake, % e , the resistance of a unit cube 
r' = coefficient m the equation r—r'P^ 
r" = coeflacient in the equation r^P'P^idV / AdeY 

“ = resistance of the press channels and filtering medium, where p is a 
^ coefficient 

I/= thickness of cake at the variable time 9 

s = coefficient of compressibihty = zero for non-compressible sludges but m 
no case greater than unity even for the most compressible ones 
t = coefficient of velocity effect (scouring) =zero for homogeneous sludges 
but seldom over 4 or 5 

Equation (2a) or (25) is entirely satisfactory for incompres- 
sible sludges, ^ e., for those m which increase in the pressme on 
the press will not decrease the equivalent diameter of the voids 
between the particles Actually it is doubtful if such sludges 
exist in commercial practice It is possible to produce such a 
sludge artificially by taking a material, like kieselguhr, packing 
it into a press, subjecting it to high pressure and then operating 
at a pressure always lower than the maximum to which it has 
already been subjected Under such conditions this equation 
holds quantitatively. However, this equation, although not 
exact, is satisfactory as an engineering approximation for sludges 
made up of sa^d, calcium carbonate, sodium bicarbonate or other 
coarse, granular, strong particles 

Differential Equations for Compressible, Homogeneous 

Sludges 

However, most sludges are distinctly compressible. For 
example, very fine particles, such as barium sulphate, although 
undoubtedly granular, are capable of being packed more closely 
under high pressure and the increased velocity of flow around the 
particles which results therefrom. Hydrated sludges, such as 
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the heavy metal hydrates, the calcium phosphate used for defeca- 
tion of sugar syrups and the like, are highly compressible and the 
specific resistance increases enormously with increase of pressure 
For such sludges the general use of this equation in the form 
given m Eq (2a) or (26) is not permissible 

While a great deal of experimental work has been done in 
this field, the theoretical solution of the problem is extremely 
difficult and has not been accomphshed In the first place, 
sludges which show the effect of compressibility to a high degiee 
are hydrated piecipitates, the degree of hydiation and particle 
size of which are extremely sensitive to the conditions under which 
the precipitates are produced and change progressively with 
time Consequently the production for experimental work of 
sludges of fixed characteristics is very difficult Furthermore 
the properties of these sludges are so exceedingly sensitive 
to temperature that slight temperature changes during filtration 
seriously affect the results. Despite these experimental diffi- 
culties m checking quantitatively theoretical conclusions, it can 
be definitely stated that, for the practical problems of engineering 
design, it IS sufficient to assume that the specific resistance, r, is a 
power function of the pressure, the exponent, s, being less than 
unity. Consequently r-r'P^j whence 

dV PA^ . . 

dS r'vVP^ r'vY ‘ 

Differential Equations for Compressible, Non-Homogene- 
ous Sludges (General Case) 

Since it IS these slimy, compressible precipitates which offer 
the greatest filtration resistance and are most difficult to handle, 
much effort has been expended in improving the methods 
of filtermg them. One of the most successful devices developed 
is the addition to these precipitates of a certain amount of 
porous, granular material to open up the mass and make filtra- 
tion easy. Of these so-called filter-aids diatomaceous earth is 
one of the best. In the filtration of such sludges with the addition 
of “ filter-aids it is found that a constant rate of filtration with 
increasing pressure is on the average much more rapid than a 
constant pressure filtration in which the pressure is maintained 
throughout the run at the maximum value reahzed at constant 
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rate The major reason for this is apparently as follows If at 
the stait of a filtration high piessure be used, the initial velocity 
is extremely high because the thickness of the cake and theiefore 
its resistance is small This high liquor velocity tears off the 
slime which is adhering to the particles of filter-aid, e g., the dia- 
tomaceous earth, brings it again into suspension m the liquid, and 
forces it forward through the cake. It finally reaches a crevice in 
the cake through which the precipitate cannot pass, but all such 
crevices are soon plugged up and there develops during the 
initial stages of filtration an excessively high resistance in the cake 
Since this sludge first laid down remains throughout the filtration 
cycle, the average rate of filtration is correspondingly reduced 
If, on the other hand, the filtration is started at a moderate rate 
which will not scour the slime off the filter-aid, the resistance 
does not develop in this way and the effective filtering rate 
is increased This phenomenon is encountered not only where 
filtei-aids are added, but also m those cases where the pre- 
cipitate itself consists of pai tides of diverse size, the larger 
lumps of which are granular and relatively strong, as in the case 
of filtering carbon from pitch and the like 

Apparently this phenomenon of scouring does not develop 
in homogeneous precipitates, however compressible. Homo- 
geneous compressible precipitates will, however, under certain 
conditions filter faster on the average at constant rate than at 
constant pressure; but when this occurs examination of the cake 
before filtration is completed will show evidence of sedimentation, 
te j the filter has been used as an apparatus for decantation 
In geneial a sludge should be decanted as far as possible prior to 
filtration because construction and operation of decantation 
apparatus is cheaper than that of filters. In other words, where 
the filters are laid out and operated to the best advantage decan- 
tation will not occur in the filter to an appreciable extent and 
Eq. (3) wiU apply. 

In the case of the mixed precipitates this scouring effect may 
be estimated by assuming the increase in coefficient of resistivity 
as proportional not only to but also to a power function of 
the linear velocity of the filtrate through the cake, the exponent 
/dW 

being t, ^ due to scouring 

once occurs in a cake no later reduction in velocity or pressure will 
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reduce the resistance already developed, this velocity teini must 
be an integrated effect, but this does not apply to the piessuie 
term, which may be taken outside the integial sign Obviously, 
dR=rdL/A and, since dL=vdV/A, 


R= 



dV 


The general filtration formula therefore becomes 
dV 

r''vf(dY/ddydV 


... (4) 


For homogeneous sludges, ^=0, and (4) reduces to (3). 


Integrated Equations 

Integration of these expressions gives the following equations. 
In all cases it is assumed that at ^=0. 


Homogeneous Sludges 

Constant Pressure: 

y2 

r'v 

Constant Rate' 

dV V ^ 

= const = — 
dd 6 rvV 

Constant Pressure Gradient through cake: 

/py-s p^yi+s 

V7/ A^eii+s) 


. . . (3a) 
. . . (3b) 

. . . (3c) 


Sludges witii Filter-aids or Equivalent 


Constant Pressure: 

/Fy+‘ pi-* 

U/ T'>il+t)v\l + f) 


Constant Rate' 


dV V 

_=- = const 



(4o) 


. . . (46) 


The last two equations are less certain than the first three 
but are satisfactory for purposes of interpolation. 
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lyfeauATioNs FOR Box Filters 

Box filters are usually operated under static head only. 
Quantitative discussion therefore requires certain modifications 
of the general equations Details of cases which frequently 
arise are given below 

Special Case A Very Slight Precipitate — Filters used for the removal 
of small precipitates offer no resistance to filtration other than the resist- 
ance of the filtermg medium itself The filtering medium may be cloth, 
paper, sand, coke or gravel, and the rate of flow through the voids between 
the solid particles of the filter follows the laws of viscous motion (p 73), 
The cake obtamed on filters of this type is negligible 

Assume the temperature of filtration constant and therefore the viscosity 
unchanged The pressure is exerted by means of the hydrostatic head of 
liquid, H 
Therefore, 

dV 

-^KHA, . (5) 

or integrating, assuming H is mamtamed constant, 

y = constant (6a) 

This constant of integration equals zero if time and volume of filtrate be 
taken as zero simultaneously 

If, however, the box filter be filled at the start and allowed to drain 
at constant temperature without the addition of any more liquid m the 
meantime, the rate of flow will at all tunes be proportional to the area of 
the box and the head prevaihng at the time Assuming that the box has 
straight sides and therefore A is constant, 


or substitutmg — for dV and mtegrating between the limits Hi and H 2 , 

ln^=Ke 

Hi 

The head H should be measured to the bottom of the bed. Smce these 
equations are calculated for a constant thickness of filtermg medium, they 
do not hold where the liquor level falls below the surface of the bed 

Special Case B Granular Preapitates which Settle Readily in Box Filter — 
For granular precipitates, which may be considered incompressible, the rate 
of flow IS directly proportional to the pressure A highly granular precipitate 
will settle to the bottom of the box almost immediately and therefore with a 
constant head, the thickness of the cake is directly proportional to the 
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volume added to the filter plus the mitial thickness, i e , the thickness of 
sludge which entered with the liquid necessary to fill the box, or 

L =Lo-\—-, 

A 


where Lo==the initial thickness of the sludge 


dV KHA KHA 

. . (6) 

de^ L ~ ^ aV’ 

Lo-i — 7~ 

A 

A A^ 

(6a) 

LoF ccV- 

1 — ” -KHdi-constmt 

A AA"^ 

(66) 


For varying heads, ^ e , in case the filter is filled and then allowed to dram 
without addmg any further liquid, this case simplifies to the precedmg one, 
and as before, 

ln^=Ke (6c) 

n.% 


This IS because the precipitate settles at the start of the filtration and bemg 
incompressible, the sludge simply acts as a sand filter of type A 

Granular precipitates which settle easily but are compressible obey 
the same laws, because if the head is constant, the precipitate is compressed 
equally throughout the filtration, and if the head is allowed to fall, the 
greatest pressure is at the start and a precipitate once compressed under not 
too high pressure does not greatly alter m compactness by diminishmg pres- 
sure This compression can be allowed for m the equation, for smce 

L=/cFi, 

dV KHA 
d$ kHi 

Then when the head falls and dV = —AdHj 





m 


NOTES ON USE AND INTERPRETATION OF EQUATIONS 

The equations for filtration under constant pressure check the 
experimental data vv^ithm its precision, i.e , during a given run 
the ratio V/A m proportional to the square root of the time (see 
p. 366) and the proportionahty constant varies from run to run 
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as a power function of the pressure, the exponent being l-~s 
The exponent s varies from 0 in the case of incompressible sludges 
to a maximum of approximately 0 85 for the most compressible 
ones On the other hand the constant rate equations for compres- 
sible sludges do not hold during the early stages of filtration At 
the start of the filtration cycle at constant rate, the pressure builds 
up quite suddenly to a value far higher than the equation would 
indicate It then remains almost constant for a period but 
finally flattens off to substantial agreement with the equation. It 
seems likely that this disci epancy in the early stages of the run is 
caused by plugging of the filter cloth The phenomenon develops 
in marked degree only m the case of highly compressible sludges, 
the cake resistance of which at low pressures is neghgible com- 
pared with that at high When such sludges are forced into the 
voids of the filtering medium they are packed into a net jfiltering 
area far below that corresponding to the term A of the equa- 
tion, which represents the gross area of the filter This plugging 
lesistance developed is therefore very large compared with that 
indicated by the equation for the early stages of the run. It is, 
however, negligible in its effect when the whole filtering period 
IS considered. Since in engineering design one has relatively 
little interest in the early stages of the cycle, the equations for 
constant rate can be employed with safety because they corre- 
spond with the overall performance of the apparatus This plug- 
ging effect is not detectable in constant pressure runs because in 
such the resistance of the early layers of sludge laid down is high 
compared with this correction term 

General Applicability — In the case of homogeneous, compres- 
sible precipitates filtered under conditions such that decantation 
does not play a part in the filtering operation, while the coefficients, 
s and r', deterimned thus from constant pressure or constant rate 
conditions check reasonably well, the value of r' at constant rate 
seems to be higher than that obtained at constant pressure. Where 
decantation takes place in a filter with vertical filtering surface it is a 
great deal lower. In consequence one should always experimentally 
determine these coefiicients on the particular sludge for which 
the equation is to be employed tmder conditions as nearly similar 
as may be to those of actual operation; i,e,, if one proposes to 
operate at constant pressure or constant rate or constant pres- 
sure gradient, the experimental data should be obtained on this 
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particular type of cycle On the other hand, given data obtained 
under one set of conditions, the equation may be safely used to 
secure a prehminary estimate of the influence of change in those 
conditions. 

Vanabihty of Individual Sludges — As has already been indi- 
cated, compressible sludges are extremely sensitive to the conditions 
under which they are produced and rapidly change m character with 
time, although this change usually becomes progressively less the 
longer this period. Data have been obtamed on sludges produced 
and filtered under supposedly identical conditions, the filtering time 
of which varied four-fold Because of this sensitiveness, laboratory 
data obtained from small-scale experimentation cannot be used with 
safety for purposes of engineering design except as a first approxi- 
mation It IS possible m the laboratory to produce the precipitate 
m question under conditions which will 3aeld a sludge of maximum 
specific resistance so that equipment based on such data will at least 
be safe It is, however, impossible to estimate the magnitude of the 
factor of safety thus introduced. Consequently where equip- 
ment IS to be installed for a new process, on the basis of small 
scale experimentation only, it should be designed on a reasonable 
basis, but with provision for expansion should this prove necessary 

Constancy of Operating Averages — For one important pur- 
pose these equations are entirely dependable. Where a plant 
is in normal operation, the constants of these equations can be 
obtained from the aveiage peiformance of the filtration equipment 
used on the sludge produced under normal conditions. Such con- 
stants obtained from average plant performance can be used with 
safety to estimate the result of proposed modification in operating 
conditions in the plant or for the design of filters for new installa- 
tion provided the precipitate in the new plant is to be produced 
under conditions identical with those in the old one. (See problem 
on p 379 ) 

Washing — While data on filtration can be used to secure an esti- 
mate on washing time it is safer to obtain washing data directly, 
especially in the case of chamber or plate and frame type of 
filters, because in these the half-cake through which flow is reversed 
on washing is loosened up by this reversal and its resistance lessened 
The extent of this effect can be determined only experimentally 

Constant Pressure vs Constant Rate — These equations show 
that for homogeneous sludges constant pressure filtration is better 
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than constant rate On the othoi hand the iniual velocity" in a 
constant pressuie opeiation is so high that it is very likely to 
cause the filtiate to run cloudy Even m constant piessme runs 
it IS therefoie bettei to start at low and substantially constant 
rate until a thoioughly formed layer of sludge is deposited on the 
filteiing medium 

The maximum allowable pressure which can be tolerated in a 
filtering operation is determined by the stiength of the filtering 
medium or by the tendency of the sludge to foice its way through 
the filtei The higher the pressure the less the life of the filter 
cloth and the greater the tendency towaids cloudiness In highly 
compressible sludges the gain by mci eased pressure is so shght 
that it is wise to restrict the pressuie to a low figure This 
maximum advisable pressure must, however, be determined 
experimentally with each individual sludge 

Determznahon of Coefficients — The equations indicate that for 
non-homogeneous sludges constant late or constant pressure 
gradient filtration is far superior to constant pressure, the advan- 
tage being the greater the larger the coefficient of velocity effect 
Here also the maximum pressure permissible is determined by the 
danger of rupture of the filtering medium and of cloudiness in the 
filtrate 

In determining the coefficients for homogeneous sludges it is 
best in constant pressure runs to plot versus d An error in 
locating zero time which might otherwise affect the computations 
will thus be made apparent By compaiison of the slopes of two 
or more such curves each at different pressures one can compute s 
and from this, r'. For constant rate runs whether the sludge is 
homogeneous or not, plot P against V on logarithmic paper. 
The slope is 1 — s and from any one point on the curve of a 
homogeneous sludge one can compute r'. For a non-homogeneous 
cake, t must be estimated from a second run at a different rate or 
from a constant pressure run. 

Where the filter-aid or other granular material is sufficiently 
large in amount relative to the shmy material to form a skeleton 
the volume of the voids of which is greater than the shme can fill, 
it is obvious that the sludge as -a whole is but slightly compres- 
sible (ix , s = 0). This is usually the case, since if less filter-aid 
be added the voids m the cake will not be increased and fiiltra- 
tion resistance will not be reduced. Consequently it is usually 
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allowable to make this sim])lifying assumption wlieie filter-aids 
are used Aeeoidingly the ])iessuie giadient, P F, should be 
constant in constant late lunS; and expcimiental data check 
this conclusion 

Press Resistance —It must be noted that these equations contain 
no term foi press lesistance Consequently inconstant rateiuns 
the teim P of the equations is the gauge pressuie less the pressure 
on the press at the stait of the lun In constant piessure runs on 
sludges of low lesistance (low values of r) the pi ess lesistance 
term, p/A, should be added to the denominator of Eq (4) before 
integration^ Usually, however, where the resistance of the 
sludge IS at all high this correction teim is small enough so that 
the equations may be used as they stand, especially where apphed 
to the final conditions of the filtration cycle lather than to early 
points of a lun Since this is the way they ai e used m engineering 
design it is better to leave the equations in their simpler form, but 
to keep in mind the hmitations to their use 

The significance of these equations (see p 366) and their ap- 
plication to a consideiation of the factois which contiol the 
choice of a filter pi ess for a given opeiation may be best under- 
stood by a somewhat detailed discussion of the following problem, 

Ulustration 1 — precipitate of ferric and aluminum hydroxides is bemg 
filtered at substantially constant pressure in a chamber press havmg dis- 
tance frames 3 ft square and 1 in thick At the pressure used 4 5 cu ft 
of filtrate per sq ft of filtering area are obtamed before the frames are full 
The cake is not washed, 6 5 hours are required to fill the press, and 40 minutes 
to dump, clean and reassemble it 

(a) It is desired to wash the cake in this press with an amount of wash 
water equal to one-third that of the filtrate If this be done, how much will 
the present filtermg capacity of the press be reduced*!* 

A new press is to be purchased, which may be of the chamber or leaf type 
The chamber press will be 3 ft square as before The leaf press will require 

^ Correcting for press resistance, the integrated formulas for constant pres- 
sure are 

Homogeneous Sludges 

r\Pt\V/Ay=-2Pte -2p(V/A ) . 

Wiih Filter-aids or Equivalent 

^ jffi = r"w(2 + t)P‘P,^+‘e + p2+' 
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twenty minutes for dumping and reassembling, and fifteen minutes for filling 
with wash water and removing excess It is understood that the new press is 
to be operated at the present capacity and pressure (practically constant) 

Paits h and c postulate a chamber press, parts d and e assume that a 
leaf press will be employed 

ih) For maximum filtration capacity without washing what thickness 
distance frames should be specified for the chamber press'?* 

(c) If the cake is to be washed with an amount of water equal to one- 
third of the filtrate, what thickness distance frames should be provided for 
maximum capacity*? 

(d) Using a leaf press, how many square feet of filtering area are needed 
to equal the filtration capacity of 1 sq ft of the present press, at the same 
time giving maximum filtering capacitv without washing*? 

(e) The same question but assume the cake to be washed with an amount 
of water equal to one-third the filtrate 

Assume that the cost of the two types of press includmg installation 
expense, is |2 50 per sq ft of filtermg area for the chamber press, and S6 50 
for the leaf press Assume the total charge against mvestment, includmg 
interest, depreciation, maintenance, etc , is 45 per cent per year The operat- 
ing costs includmg overhead are 0 014 cent per hour per sq ft of filtermg 
area while filtering and washing and 0 11 cent per hour per sq ft while 
dumpmg and reassembling 

(/) If the presses are in operation 280 days per year, 10 hours per day, 
what thickness of frames is to be specified for the chamber press, and what 
thickness of cake should be formed on the leaf filter*? 

{g) The same questions if the presses are operated 24 hrs per day for 360 
days in the year*? 

Solution. — The relationship between the volume of filtrate discharged, F, 
m the time 0, through the filtering area of the press. A, working at the pres- 
sure F, is expressed by V‘^=2kA^Pd Since m this problem the pressure 
remains constant, F may be disregarded and the equation simplified to 


Choosmg as the basis of calculation the area of the present press, f = 6 5 hours 
and F/A = 4 5 Solvmg, K is found to be 3 12. 

The calculation is simplified by calling the thickness of the cake one nth 
of one inch, ^ e , if the cake be one-third of an mch thick, n equals 3 The 
capacity measured m filtrate then becomes “ 4 5/n ” cu ft for each sq ft of 
filter cloth, and the frame must be filled n times to obtam the required 4 5 
cu ft of filtrate, that is, the press must be operated through n cycles to 
perform the present duty 

In considering the question of maximum capacity and minimum cost it is 
advisable to tabulate the controlhng factors as a function of some definite 
variable In this case one will find how the time and cost for this definite 
amount of filtrate vary with the thickness of filter cake, and m so doing 
determme the following data 
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TABLE I 

Time Schedule, Chamber Press (Basis = 1 sq ft) 


No 

of 

cycles 

Thickness 

of 

distance 
flame, l/n 
inches 

Filtering 
time 
per cycle 

Washing 

time 

pei cycle 

Dumping 

time 

per cycle 

Total 
time for 
n cycles 
(no 

washmg) 

Total 
time for 
n cycles 
(with 
washing) 

Time in hours 

1 

1 

6 5 

17 33 

0 67 

7 17 

24 

2 

1 

2 

1 62 

4 33 

0 67 

4 59 

13 2 

3 

1 

3 

0 72 

1 92 

0 67 

4 17 

9 93 

4 

1 

4 

0 41 

1 08 

0 67 

4 32 

8 64 

5 

1 

5 

0 2t> 

0 69 

0 67 

4 65 

7 95- 

6 

i 

0 IS 

0 48 

0 67 

5 10 

8 0 ^ 

8 

i 

0 10 

0 27 

0 67 

6 16 

8 3 


Difterentiating the above equation, the rate of filtration at a given time is 
dV/d6—Z 12 12V Inserting the value of V the end of a filtering cycle 
for any frame thickness “ I /n/' one obtams the rate of filtration which existed 
at this time Obviously the rate will also be the washing rate for a leaf press 
with a filter cake of thickness l/n, but for a chamber press the washmg rate 
will be but one-fourth of this value, because washmg is earned on through a 
cake twice as thick as that through which filtration has proceeded, and the 
effective filtermg area is but one-half as great ^ 

The method of calculatmg the above data may be understood by takmg 
as an example one thickness of frame, for example, n equals 4 Using the 
equation 


Z! 


= 3 12(9, 


with the ratio - 7 =— -=1 125 (since the cake thickness is but one-fourth 
A 4 

that employed when 4 5 cu ft were obtamed), the time is 0 41 hrs The 
rate of filtration at the end of the filtering period is obtained from the equa- 
tion 2 


dV 3 12A^ 
de" 2V ' 


^This neglects any difference in viscosity between solution and wash 
water 

® It may help m visuahzmg this equation to write it 
d{V/A) 3 12 


d9 2{V/A) 
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as 1 39 cu ft per hr pei sq ft of filtering area The rate of washing m the 
chambei press is one-fourth this quantity, or 0 347 The volume of the wash 


water is, 


1 125 
3 


or 0 375 cu ft per sq ft , and the time of washing is this 


latter figure divided by the precedmg one, or 1 08 hrs The time required 
per cycle for filtering, washing and dumpmg is therefore 2 16 hrs , and the 
total time to do the work of a one-mch frame, t e , to produce 4 5 cu ft of 
filtrate per sq ft of filtering area, is 8 64 his 

Since cost data are given on a basis of one square foot of filtermg area, this 
basis IS adhered to m figuring costs For a chamber press operated 2800 hours 
. . , 250 (0 45) 

per annum the investment charges are — — = 0 0402 cent per hr per 

sq ft of filtermg area and similarly for a leaf press 0 1045 cent Therefore m 
a chamber press the total cost per hour per sq ft of filtermg area for filtering 
and washing is 0 0402+0 014 = 0 0542 cent and for dumpmg 0 0402+0 11 = 
0 1502 cent The corresponding figures for a leaf press are 0 1185 and 0 2145 
cent 

Costs are obtained by multiplying the time required for each operation 
by the cost of that operation, and the following data results 


TABLE II 

Cost Schedule, Chamber Press (Basis = 1 sq ft), n cycles 
(280 Days, 10 Hours per Day) 


No 

of 

cycles 

Thickness 

of 

distance 
frame, 1/n 
mches 

Filtering 
cost per 
n cycles, 
cents 

Washmg 
cost per 
n cycles, 
cents 

Dumping 
cost per 
n cycles, 
cents 

Total cost 

no washmg 
{n cycles), 
cents 

Total cost 
with 
washmg 
(n cycles) 
cents 

1 

1 

0 352 -^ 

0 94 ^ 

0 1 

0 452 

1 392 

2 

i 

0 176 1 

0 469 

0 2 

0 376 ’ 

0 845 

3 

1 

3 

0 117 

0 312 

0 3 

0 417 / 

0 731 

4 

i _ 

.0^0882 

0 235 

0 4 

: 0 488 

0 725 

5 


0 0705 

0 187 

0 5 

0 571 

0 759 

6 

i 

0 0587 

0 156 

0 6 

0 659 

0 815 

8 

i 

1 

0 0433 

0 117 

0 8 

0 843 

0 960 


It wiU be noted that whereas without washing, maximum capacity was 
obtained with a one-third inch frame, minimum cost is obtained with a one- 
half inch frame, while with washmg maximum capacity is secured with a 
one-fifth inch frame, and mmimum cost with a one-quarter mch frame 

The methods of calculation for a leaf filter are entirely similar The 
filtermg time for such a fiOlter will be the same for a half-mch thickness of cake 
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as foi a one-HK h distanf o frame m a ehamber filter, sinc(‘ with 1 in fi nines the 
final filtrate flows thiourfi a thickness of ] m The i (‘suits aie ji:uen in the 
following tables, togethei with the costs foi both ( hainbei and leaf presses 
w hen operated 24 hrs per day, 360 days per year 

TABLE III 


Time Schedule, Leaf Press (Basis = 1 sq ft ) 








Total 

Total 

No 

of 

cycles 

Thickness 

of 

cake, 

inches 

Filtering 
time 
per cycle 

Washing 

time 

per cycle 

Dumpmg 

time 

per cycle 

Change 
time 
per cycle 

time foi 
n cycle 
(no 

washing) 

time for 
n cycle 
(with 
washing) 



Time in hours 

1 

1 

1 

G 0 

4 33 

0 33 

0 25 

6 86 

11 44 

2 

1 

4 

1 62 

1 08 

0 33 

0 25 

3 90 

6 56 

3 

1 

6 

0 72 

0 48 

0 33 

0 25 

3 17 

5 36 

4 

i 

0 41 

0 27 

0 33 

0 25 

2 96 

5 04 

5 

tV 

0 26 

0 17 

0 33 

0 25 

2 95 

5 05 

6 

1 

TT 

0 18 

0 12 

0 33 

0 25 

3 06 

5 28 

8 

1 

3 6 

0 10 

0 066 

0 33 

0 25 

3 44 

5 96 


TABLE IV 

Cost Schedule, Leap Press (Basis — Isq ft) 


(280 Days, 10 Hours per Day) 


No 

of 

cycles 

Thickness 

of 

cake, 

mches 

Filtering 
cost per 
n cycle, 
cents 

Washmg 
cost per 
n cycle, 
cents 

Dumping 
cost per j 
n cycle, 
cents 

Change 
cost per 
n cycle, 
cents 

Total 
cost, no 
washmg 
(n cycle), 
cents 

Total 
cost, with 
washmg 
{n cycle), 
cents 

1 

1 

2 

0 770 

0 513 

0 071 

0 054 

0 841 

1 408 

2 

1 

4 

0 385 

0 257 

0 143 

0 107 

0 528 

0 892 

3 

1 

6 

0 257 

0 171 

0 215 

0 161 

0 472 

0 804 

4 

8 

0 193 

0 128 

0 286 

0 215 

0 479 

0 822 

5 

tV 

1 0 154 

0 103 

0 357 

0 268 

0 511 

0 882 

6 

A- 

0 128 

0 085 

0 427 

0 322 

0 555 

0 962 

8 

1 

16 

0 095 

0 063 

0 569 

0 429 

0 664 

1 156 
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TABLE V 

Costs of Chambek Press (Basis = 1 sq ft ) 


(360 Days, 24 Hours per Day) 


No 

of 

cycles 

Thickness 

of 

distance 
frame, 1/n 
inches 

Filtering 
cost per 
n cycles, 
cents 

Washmg 
cost per 
n cycles, 
cents 

Dumping 
cost per 
n cycles, 
cents 

Total 
cost, no 
washing 
(n cycles), 
cents 

Total 
cost, with 
washmg 
(n cycles), 
cents 

1 

1 

0 176 

0 468 

0 082 

0 258 

0 726 

2 

1 

2 

0 0875 

0 234 

0 164 

0 252 

0 486 

3 

1 

3 

0 0583 

0 156 

0 246 

0 304 

0 460 

4 

1 

4 

0 0443 

0 117 

0 328 

0 372 

0 489 

5 

1 

"6 

0 0351 

0 093 

0 41 

0 445 

0 538 

6 


0 0292 

0 078 

0 492 

0 521 

0 599 

8 

i 

0 0216 

0 058 

0 656 

0 688 

0 746 


TABLE VI 

Costs of Leaf Press (Basis == 1 sq ft ) 


(360 Days, 24 Hours per Day) 


No 

of 

cycles 

Thickness 

of 

cake, 

inches 

Filtering 
cost per 
n cycles, 
cents 

Washmg 
cost per 
n cycles, 
cents 

Dumpmg 
cost per 
n cycles, 
cents 

Change 
cost per 
n cycles, 
cents 

Total 
cost, no 
washmg 
(n cycles), 
cents 

Total 
cost, with 
washmg 
(n cycles), 
cents 

1 

1 

2 

0 311 

0 207 

0 048 

0 036 

0 359 

0 602 

2 

1 

4 

0 155 

0 104 

0 096 

0 072 

0 251 

0 427 

3 

1 

6 

0 104 

0 069 

0 144 ! 

0 108 

0 248 

0 425 

4 

1 

0 078 

0 052 

0 192 ; 

0 144 

0 270 

0 460 

5 

1 

1 0 

0 062 

0 042 

0 239 1 

0 180 i 

0 301 

0 523 

6 

IV 

0 052 

0 034 

0 288 

0 216 

0 340 

0 590 

8 

1 

16 

0 038 

0 025 

0 384 

0 288 

0 422 

0 735 


It will be noted that maximum cajpacity is secured in this leaf filter without 
washing with a -j^in thickness of cake corresponding to a -g-in distance frame 
m the chamber press With washmg the maximum comes at substantially 
the same pomt Both with and without washing the rmmmum cost for 10 hrs 
per day comes at one-sixth inch thickness of cake correspondmg to a one- 
third mch distance frame The fact that m both presses it pays to build up a 
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thicker cake than corresponds to maximum capacity is due to the saving m 
labor charges secured at the expense of loweied press capacity 

Notwithstandmg the fact of neaily three-fold apparatus cost on the leaf 
filter the actual filtering cost is only shghtly higher than that of the frame 
press on a 10-hr basis, and lower on a 24-hr basis 

The method of chargmg up such items as depreciation, maintenance, 
rental of floor space, etc , as a flat percentage against investment cost is open 
to criticism The same statement applies to expressing the dumpmg cost of a 
leaf press as proportional to its size The fact is that the character of each one 
of these items will vary from plant to plant and their distribution m calculating 
costs must be modified accordingly No method could be given here which 
will cover the majority of cases but this particular method satisfactorily 
illustrates the principle 

The answers to the questions as stated, are therefore, as follows 

(а) Since the total time for the present press without washmg is 7 17 hrs 
and with washmg 24 hrs , the capacity per hour per sq ft will be reduced 
from 4 5/7 17 = 0 628 cu ft per hr to 4 5/24=0 1875 cu ft per hr , a reduc- 
tion of 70 per cent 

(б) From Table I it will be noted that the total tune without washmg is a 
mmimum for one-third inch distance frames 

(c) The time with washmg is seen from Table I to be a mmimum when 
usmg m distance frames 

id) With a leaf filter the filtering time without washmg is a mmimum 
with xV ^ thickness of cake, filtration being completed m 2 95 hrs Smce 
the present press requires 7 17 hrs it has only 41 1 per cent of the capacity 
of the new press Hence the new press will require only 0 411 sq ft filtermg 
area for each sq ft of the present press 

(e) Since the present press requires 24 hrs for washmg while a leaf press 
will do the work m 5 04 hrs , the present press has only 21 per cent capacity 
of the leaf press so that the size of leaf press required will be only 0 21 sq ft 
of filtermg area per sq ft of area m the present press 

(/) Inspection of Table II shows that the mmimum cost of filtration m a 
chamber press without washing is obtained with J-m frames and with wash- 
mg by the use of J-in frames 

The minimum cost with a leaf press without washmg is found m |-in 
thickness of cake This gives a total filtration time of 3 17 hrs as compared 
with 7 17 hrs m the present press, ^ e , the present press has 44 3 per cent the 
capacity of the proposed leaf filter This means that the new filter must 
have 0 443 sq ft of filtering area for each sq ft m the present press With 
washing^ the capacity of this new press is therefore such that 0 223 sq ft of 
filtermg area will suffice m place of 1 sq ft m the present press 

The preceding paragraph must not be mterpreted to mean that the capacity 
of a leaf fiilter so greatly exceeds that of a frame press The comparison 
should be made, not with the present press, the frames of which are too thick, 
but with the chamber press at its best, % e , when usmg J-m frames without 
washmg and i-m frames with washing, reqmnng 4 59 hrs and 8 64 hrs 
respectively, as compared with the 3 17 hrs and 5 36 hrs required for the 
leaf press. In other words, the capacity of the chamber press is 69 1 per 
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cent of that of the leaf press without washing and 62 per cent with washing 
This means that the mvestment cost of a leaf press is correspondmgly reduced 

{g) Inspection of the tabulated costs for full time work shows the thick- 
nesses should remam unchanged except for washing in the chamber press, 
which should now be done with ^-in frames While all costs are lowered, the 
leaf press now has the advantage over the chamber press It may be stated 
m general that large scale and contmuity of operation tend to give the advan- 
tage to the leaf type of press 

It must not be forgotten that the numerical comparisons of the precedmg 
paragraphs are dependent on the operating conditions and costs assumed and 
any variation m these will mfluence the results However, the character 
and direction of the mfluence of these factors on the relative advantages of the 
two types will remam m all cases the same 

The utilization of the equations for non-homogeneous sludges 
may be illustrated by the following problem 

Illustration 2 — A slimy precipitate is filtered by admixture of a definite 
proportion of mfusorial earth Filtrations are earned out at substantially 
constant rate The average filtration rate of each press is 158 cu ft of 
filtrate per hr The average length of filtration for each press is 1 96 hrs , 
the total filtrate therefore being 310 cu ft The pressure reached at the end 
of the filtration period averages 14 5 lbs per sq m The rate is then increased 
for several days to an average of 194 cu ft per hr when it is found that 
approximately the same volume of filtrate, more exactly 303 cu ft per press, 
is obtained in 1 56 hrs , when the pressure has built up to 46 lbs It requires 
18 mm to dump and refill this press At what rate should this press be 
operated m order to get the maximum average capacity, assuming that a 
maximum pressure of 50 lbs. is allowable? 

Smee the press has a definite area, which it is not proposed to change, and 
is handhng a liquor with a definite concentration of sludge, the filtration 
equation for this case, Eq (45), reduces to, 

iVJd) 

Smee it IS desired to have the average capacity as large as possible, one must 
have F/(0+a) a maximum, where a is the tune lost in dumping and filhng 
Eliminating Q by means of the former equation, differentiating this expression 
and placmg the differential coefficient equal to zero, one finds that the equation 
for maximum filtration velocity is 

(F/0)2-f-*=:XP/a(l+^). 

Applymg the first equation to the two sets of data m succession, dividmg 
one equation thus obtamed by the other and solvmg for i, one finds i = 4 7 
From either of these expressions the value of FC is found to be 7 3 (10)"^ 
Inserting these quantities mto the equation for optimum filtration velocity 
one obtams 194 cu ft per hr. In other words, the second of the two rates 
employed happened to be the maximum rate 
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BASIC PRINCIPLES OF VAPORIZATION PROCESSES 
INTRODUCTION TO EVAPORATION, DISTILLATION, AND DRYING 

That property of liquids by virtue of which they pass from the 
liquid to the vapoi state, oi the reverse, according to the tempera- 
ture and pressure to which they are subjected, is the basis of very 
important industrial processes for separating one liquid from 
other liquids, or liquids fiom solids 

Industrial terminology distinguishes three cases m which sepa- 
lation IS accomplished by utilizing differences in the volatility of 
substances, and while the classification is not a iigoious one and 
IS sometimes illogical, it will be adopted foi the purpose of a 
general sub-division of this field into fhiee chapters 

Evapo) ation is the lemoval by vapoi ization of a portion of the 
solvent fi om a solution of a solid or a practic ally non -volatile liquid, 
when the vapoi formed is valueless in comparison toThe-reSdue"' 
(except perhaps for its heat content) Since watei is the only 
liquid which can be obtained in unlimited quantity, and hence 
can be economically discarded, evaporation processes are limited 
in practice to water solutions, for example, the concentration of 
aqueous solutions of inorganic compounds, glue, tannin, sugar, 
sulfuric acid, etc 

Distillaiton ^ is the removal by vaporization of one liquid 
from another when the vapor is of sufficient value to wairant 
recovery by recondensation For example, the removal by 
vaporization of water from its impurities, of stearic acid from 
unsaponifiable matter, of alcohol from water, gasolene from kero- 
sene, benzene from toluene, of benzene from mineral oil, of gasolene 
from extracted wool grease, etc , are distillation processes 

^ Under the term destructive distillation are described those processes in 
which the material acted upon, such as wood, coal or bones, is first decomposed 
by heat, and the volatile products of the reaction then drawn off and recovered 
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When one solid is sepaiated fiom other solids by vapoiization 
and subsequent condensation the process is spoken of as sublima- 
tion Phthahc acid, foi example, is purified by sublimation 

Drying is the lemoval, generally by vaporization, of one liquid 
from another liquid or from a solid, when the amount of the 
liquid to be separated relative to that which remains, or to the 
solid, is small, and generally worthless Por example, diying is 
represented by the vaporization of water from sand, ores, coal, 
leather, paper, vulcanized fibre, fibre board, leather boaid, tex- 
tiles, twine, staich, sugar, wet crystals: again by the vaponza- 
tion of caibon bisulphide fiom thio-carbanahde crystals, benzene 
fiom dipped lubber goods, organic solvents from impregnated 
and lacquered substances, emulsified watei from oil, and the like. 
In the chapter on Drying, certain cases have been included where 
the separation is accomplished without lesoitmg to the process 
of vapoiization While such cases should logically be classified 
under Mechanical Separation, the name Drying has been so 
firmly associated with these operations that they are taken up under 
this heading 

Certain inconsistencies exist in piactical teiminology which 
the leader must not take too seriously For example, when 
water is separated fiom sea-watei in order to obtain the dis- 
solved salt, the process is called evaporation, when it is the recon- 
densed vapor which is wanted, i e , pure water, the process is 
called distillation. The apparatus employed in the two cases 
may, however, be practically identical. When the amount of 
water associated with alcohol is laige, it is separated by distilla- 
tion, when small, it is separated by drying with anhydrous cop- 
per sulphate The vaporization of water from a glycerine solution 
IS called evaporation although the apparatus used where glycerine 
loss must be avoided is identical with that employed for dis- 
tillation 

These three processes have certain elementary piinciples m 
common In older to lay a foundation for the development of 
the engmeeimg problems involved in their consideration, these 
principles will be considered somewhat m detail. 

MECHANISM OF VAPORIZATION 

Vapor Pressure. — The molecules of a liquid are considered 
to be m a state of constant unordered motion, some moving 



382 


PRINCIPLES OF CHEMICAL ENGINEERING 


With great velocity, while others move relatively slowly For 
any temperature, however, there is a certain mean velocity of 
the molecules, which for temperatures below the boiling point 
of the liquid, is not sufficient to project them beyond the free surface 
of the liquid But there are always some molecules which possess 
a velocity sufficiently greater than this mean, that, when they 
approach the free surface of the liquid, they oveicome the mutual 
attraction exerted between them and other molecules in the liquid, 
and continuing their motion, pass out into the surrounding space, 
and exert a pressure upon the walls of the container as the resultant 
of the bombaidment which their motion produces. Since they 
move m all directions, a ceitam number will strike the liquid surface 
from which they emanated, and again become a part of it. When 
the number of molecules re-entering the suiface is just equal to 
that leaving it, a condition of d^mamic equilibrium exists This 
portion of the substance is then said to be m vapor form, or phase, 
and the pressure exerted upon the walls of the container by these 
molecules is called the vapor pressure^ of the substance at the 
existing temperature. 

If the space surrounding the liquid be fiUed with molecules 
of some other substances, e g , air, at a pressure not materially 
exceeding one atmosphere, the voids between particles are suffi- 
ciently large and numerous to enable the above described phenom- 
enon to take place undisturbed Since the pressure on the con- 
tainer is due to the sum of the molecular impacts, there will be 
present a final pressure made up of the pressure of the gas origi- 
nally present plus the vapor pressure of the liquid. Should the 
liquid possess that attraction for the molecules of the original gas 
which results in solution, this relationship no longer holds, nor 
IS it valid if the original gas is under a high pressure ^ 

If a liquid be made up of two kinds of substances mechanically 
mixed but of low mutual solubility, for example, benzene and water, 
each will give off its individual molecules, and each will establish 
an equilibrium between the escapmg and returning molecules of 
its own kind, and hence a vapor pressure of its own independent 

1 This IS also called the pressure of the saturated vapor or saturation 
pressure ” 

2 Deviations from the gas laws usually become large when the pressure is a 
considerable fraction of the saturation pressure of the liquefied gas (See 
P 7) 
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of the presence of the other molecules These pressures are 
additive and the sum of these paitial pressures plus that of any 
gas originally present makes up the total pressure within the 
container ^ In other words, the mixture behaves as though the 
surface were alternately entirely one liquid and then the other. 

Vapor Pressure Lowering. — When the substances or compo- 
nents making up a liquid are mutually soluble, as for example 
alcohol and water, the escaping tendency of each substance is 
reduced due to the presence of the othei. The partial pressure 
of each, and since they are additive the total vapor pressure of 
the hquid, is thereby reduced Even when one of the substances, 
for example, salt, has itself a negligible vapor pressure, it never- 
theless when dissolved m water reduces the vapor pressure of the 
latter. On the other hand if the molecules of the dissolved sub- 
stance be very large the reduction in vapor pressure of the solvent 
IS negligible. 

It IS important to visualize the reason for these facts Assume an equi- 
molal solution of naphthalene dissolved m benzene At oidmary temperature 
the volatility of the naphthalene relative to that of benzene may be neglected 
Furthermore there is good reason to believe that the size of the naphthalene 
molecule is not far from that of the benzene molecule In the surface of such 
a solution approximately one-half of the area is therefore occupied by benzene 
and one-half by naphthalene molecules The chance for benzene molecules 
to escape from the solution mto the vapor space is therefore only half what it is 
m pure liquid benzene In order to have equilibrium with benzene vapor it 
is therefore necessary for the vapor pressure above this solution to be only haK 
that of pure benzene The reason for this is that any benzene molecule commg 
from the vapor toward the surface of the liquid at high velocity wull force its 
way mto the liquid whether it hit a benzene molecule or naphthalene molecule 
in the surface of the liquid, because the difficulty of forcmg either of these two 
out of the way is approximately equal 

On the other hand assume a solution of glue and water of such concen- 
tration that one-half the surface of the liquid is occupied by glue molecules 
If now a water molecule from the vapor space impinge upon the surface of the 
liqmd it will force its way mto the liquid if it happens to hit a water molecule 
m the liquid surface If, however, it hits a glue molecule, this is so heavy that 
it cannot displace it and it is simply reflected back mto the vapor The situ- 
ation IS much the same as though one-half the surface of the liquid water were 

1 If the mixture be not agitated two layers will form and the lower liqmd 
will vaponze through the upper much more slowly than if freely exposed On 
the other hand the evaporation is more rapid than might at first appear because 
the lower liquid dissolves to a fi^nite extent m the upper and is earned by 
convection currents to the exposed surface where it evaporates 
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covered with a sheet of glas^ The result is that only half the liquid surface is 
available for entrance of w ater molecules from the vapor space Consequently 
the full vapor piessure of water is necessary in the 'vapor space in order to 
maintain equilibrium 

An interesting corollar}' of the jihcnomenon is that whereas water solutions 
of glue exeit substantially the full vapor pressure of pure water, the rate of 
evaporation of water from the surface of buch a solution is but a fraction of that 
from the surface of pure water On the other hand the rate of evaporation 
from solutions in benzene of materials of moderate molecular weights is propor- 
tional to the partial pressure of benzene in the solution In paint and varnish 
remover® this pimciple is utilized by adding to the volatile solvent w^hich one 
washes to have remain on the exposed painted surface, a small amount of some 
substance of high molecular weight which will concentrate on the surface of 
the soh^'ent and greatly reduce its rate of evaporation 

It -vAuli be noted that the molecular weight of the glue is so high that the 
mol fraction of glue is negligible One can generalize the preceding facts by 
saying that the partial pressure of a volatile material in a solution is propor- 
tional to its mol fraction, but the rate of vaporization will be proportional 
to its partial pressure if the molecular weights of other materials m the mixture 
are low On the other hand the rate of vaporization of the components in 
question will be less than corresponds to their partial pressures if the other 
components are of extremely high molecular w^eights 

Heat of Vaporization, — If the molecules escaping from the 
surface of a body pass into air or other inert gas within a con- 
tainer, there is first formed this condition of equilibrium upon 
the inner surface of the relatively stationary gas film with which 
every surface is surrounded (See Chapter II, Fluid Films ) From 
the outer surface of this film the molecules pass into and through- 
out the remaining space by both their own motion (diffusion) 
and by convection, until equilibrium is established in the entire 
container Through the film itself they pass by diffusion When 
the container is not closed, both diffusion and convection proc- 
esses carry the vapor from the surface of the stationary 
film into the outside air, which is to a corresponding extent 
pushed back into space, and the normal atmospheiic pres- 
sure IS maintained This total atmospheric pressure is now 
made up of the vapor pressure of the substance (which when 
equilibrium is reached is the same as though no air were 
present), and that amount of air which has not been driven back. 

Therefore, in order for vaporization to continue at a constant 
temperature, the dynamic equilibrium which tends to establish 
itself must be destroyed. If the surface of the substance be 
exposed to the atmosphere, the molecules arising from it may be 
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swept away by a current of air, this takes place in air drying^ 
and during evaporation of liquids into air If the containing 
vessel be closed, these molecules will pass to a legion of lower 
pressure, ^ e , where theie are fewer of them Such a region may 
be maintained by constantly removing the vapor molecules by 
dropping the temperature, thus decreasing the number and also 
the velocity of the molecules, and hence the resultant pressure, 
as in a condenser, oi by being pumped out mechanically as in 
the “vapor compression system of evaporation (p 407), oi by 
absorbing the molecules m a medium which has for them a great 
attraction, 2 e , a medium which they will enter by impact, but 
from which they cannot return, such as drying over sulphuric acid 
and the like 

A constant temperature is not maintained of itself within a 
volatilizing liquid Those molecules having the greater velocity, 
possess also the greater amount of kinetic energy Hence as 
these leave the liquid its mean kinetic energy decreases, and the 
temperature falls In order to maintain a definite temperature, 
therefore, heat must be added from an external source This 
heat of vaporization varies with the substance, somewhat also 
with the ratio of pressure to temperature. The molal heat of 
vaporization (the specific heat of vaporization multiplied by the 
molecular weight) for all liquids at their boiling point is of the 
same order of magnitude The exact relation between heat of 
vaporization, molecular weight, temperature and pressure is 
given by the Hildebrand function. (See Fig 6, p 16 ) 

Boiling Point. — Since molecular motion is a function of tem- 
perature^ obviously the more energy with which a molecule is 
endowed, that is the hotter it is, the more rapidly will it move, 
and hence the greater will be its vapor pressure. There must 
then be a temperature where the escaping molecules of a sub- 
stance will maintain a pressure of their own equal to the atmos- 
pheric pressure The air can then be forced back indefinitely 
and the substance vaporize indefinitely so far as pressure is con- 
cerned. This temperature is called the boihng point of the 
substance. 

1 According to Smithsonian Tables (p 399, 19 20 Ed ) the mean velocity 
of gas molecules in feet per second equals SSG-v/ T/Mj where T is the ®T 
absolute temperature and M is the molecular weight Thus the mean dif- 
fusional velocity of air at 70° F and normal barometer would be 1650 ft 
per second, or 1130 miles per hour 



386 


PRINCIPLES OF CHEMICAL ENGINEERING 


FACTORS CONTROLLING VAPORIZATION 

If the liquid is m a space m which the partial pressure of its 
vapor is less than the vapor pressuie it possesses at this tempera- 
ture, it will pioceed to vaporize and its vapor will pass into space 
But this change of state is accompanied by the large absorption 
of heat already noted. If this heat be not supplied from some 
external source, vaporization will nevertheless continue, and the 
necessary heat will be taken from the sensible heat of the liquid, 
with a consequent reduction of temperature. This fall in tem- 
perature of the liquid is accompamed by a corresponding decrease 
in vapor piessure Finally a temperatuie is reached where the 
vapor pressure of the liquid is equal to its partial pressure existing 
in the space and vaporization will cease 

Theiefoie, in order for vaporization to continue, two conditions 
must be met 

First — the heat necessary foi vaporization must he continuously 
supphc'J 

Second — the equilibrium which forms between the vapor piessure 
of the liquid and its partial pressure in the surrounding space must 
be continuously destroyed 

If either one of these two conditions be neglected vaporization 
will be retarded or even stopped. 

CAPACITY 

In all three processes (evaporation, distillation, and drying) 
the rate of vaporization, and hence the capacity, is determined 
by the rate of heat supply Where the heat is transferred by con- 
duction and convection, as is often the case, the capacity is 
determined by the following integrated form of Newton’s law: 

^=(^)a)av(AjU 

where ^=Btu transferred per hour 

0 

An inspection of this equation shows that the capacity (Q/d) 
is determined by the product of three factors* 

Aav=A proper average area of heating surface in sq ft 

(A0av=A. proper average overall temperature difference in °P. 

between the points from and to which heat is flow- 
ing, and 
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H = Overall coefficient of heat transfer, which may be 
experimentally determined, or estimated from a 
knowledg,e of each of the resistances to be encoun- 
tered (See p 134 to 157 ) 

Where heat is transferred by radiation, the rate of heat supply 
is determined by 

(a) the area of the surface exposed to the radiant heat, 

(b) the difference of the fourth powers of the absolute tem- 
peratures, 

(c) the black body coefl&cients of the surfaces* 

Where heat is being supplied by both mechanisms, the rate 
of flow of heat is calculated by adding the rates figured by the 
appropriate equation for each process. 

For general discussion of the equations, data and illustrative 
examples for these mechanisms, the leader is lef erred to the 
chapter on Flow of Heat However, the mechanism by which heat 
is carried into a vaporizing liquid, and by which the vapor form- 
ing on the surface of the liquid is removed, is so controlling in all 
these processes, that it will be considered in detail m the three 
following chapters. 
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EVAPORATION 
BASIC FACTORS 

To secure the evaporation of a volatile liquid, there are two 
and only two essentials that must be provided 

First, the necessary heat of vaporization must be supplied to 
the liquid. 

Second, the vapor evolved must be removed from above the 
surface of the liquid and not allowed to accumulate. 

1. Heat Supply. — It is necessary to supply the heat into the 
liquid itself, because the vapor bubbles aie developed there, and 
at the instant of their formation absorb the heat incident to their 
evolution The heat ma^^ be supplied m two ways 

(а) By direct exposure of the liquid to the source of the heat 

(б) Indirectly by transmission through a suitable solid retain- 
ing wall 

2. Vapor Removal, — The vapor evolved may be carried away 
m two conditions 

(a) Mixed with an inert gas (e g , air, flue gas, etc ) 

(b) As undiluted vapor. 

CLASSIFICATION OF EVAPORATION PROCESSES 

Since there are two ways of supplying the heat and two con- 
ditions in which vapor may be removed, there are four combina- 
tions possible* 

Case I The heat is supplied through the free surface of the 
liquid, and the vapor is carried away by an inert gas. 
Case II. The heat is supplied through the free surface of the 
hquid, and the vapor is evolved in undiluted form 
Case III: The heat is transferred through solid retaining walls 
to the liquid, and the vapor is swept away by an inert 
gas. 
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Case IV The heat is transferred through solid letairung walls 
ix) the liquid, and the vapor is evolved in undiluted 
form 

The various evaporation processes will be classified under these 
four subdivisions 


CASE I 

The Heat is Supplied Directly through the Free Surface of the 
Liquid^ and the Vapor is Swept away by an Inert Gas 

Evaporators in which the heat is supplied through the dis- 
engaging surface of the evaporating liquid, possess the advantage 
that the apparatus may be built of material chosen with special 
regard to its resistance to corrosion irrespective of its heat 
conductivity, that the evaporator is practically unaffected by 
incrustation of solids depositing from the liquid, and that, when 
the initial source of heat is a hot, inert gas, the heat transfer 
may be direct from the source to the liquid The main limitation 
of this type is that hitherto no one has succeeded in adapting it 
to utilize the multiple-effect principle 

1 . Solar Evaporation. — The cheapest, although m most locali- 
ties least reliable, source of heat is the sun Here the heat is 
transferred directly into the hquid by radiation from the sun, 
and also to the liquid surface from the air by convection. Salt 
solutions are sometimes concentrated m shallow rectangular 
pans by this method. 

2. Ricks. — A simple evaporator of this type consists of 
piles or “ ricks ” of brushwood over which salt solution trickles 
from distributing troughs above, and the concentrated brine 
is collected m drains below, the evaporation being accom- 
plished largely by the wind Covers are unnecessary m this 
case, as during rain the flow of brine is discontinued. The 
gypsum m the brine soon covers the twigs with thick incrusta- 
tions, and the ricks eliminate a large amount of this troublesome 
material 

3 . Potion Evaporator. — An efficient apparatus using an 
artificial heat supply is the Porion evaporator. This consists 
of a horizontal chamber on the bottom of which flows the liquid 
to be evaporated, while above it the flue gases from the furnace 
underneath pass in an opposite direction. The liquid is given a 
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large surface and intimate contact with the hot gases, being thrown 
by centrifugal force m the foim of drops into the gaseous space 
by a series of disks, on f lapidly rotating shaft placed cross- 
wise m the evaporating chamber, the disks dipping partly into 
the liquid below Because of the high temperature difference 
realized, and the large surface exposed, the capacity is great, 
disadvantages are contamination of the liquor with soot and dust 
from the flue gases 

4. Spray Evaporators. — Evaporation of a solution may be 
carried to completion and a dry dust obtained by spraying the 
solution into a chamber against hot gases This method is 
said to be quite successful for tannic acid, and the like If, during 
their fall, the droplets can be exposed to direct radiation from the 
fuel bed, evaporation is accelerated and a large capacity leahzed. 
Thus, common salt may be so recovered, and the concentrated ^ 
waste liquor from pulp mills, operating the soda or the sulphate 
process, may be in this way, not only evaporated, but dried and 
incinerated. If the spray produces relatively small droplets the 
resultant dust may be so fine as to present difficulty in its settling, 
thus causing loss of material up the stack. However, devices are 
available for recovering such dust, see pp 329 to 332 

5. Tower Evaporation. — Instead of sub-dividmg the hquid 
into small drops, a large surface may be obtained by passing the 
liquid in a thin film over bricks or other filling in a tower up which 
hot flue gas is passing. When oil or dust-free producer gas is 
used as a fuel no dust is introduced and rapid evaporation is 
effected 

The Glover tower of a sulphuric acid chamber plant, while 
fulfilling a number of functions, is an evaporator of this type. 
Dilute acid is fed to the top and is concentrated as it falls, the 
evaporation being at the expense of the sensible heat of the hot 
gases entering the bottom. In recent years installations of this 
type have been developed for the concentration of dilute sulphuric 
acid, the acid flowing down over the filhng material of a tower, 
countercurrent to hot furnace gases from an oil burner located 
beside the bottom of the tower which serves as its flue (Gilchrist 

^ The dilute waste liquor is concentrated in a multiple-effect system of 
evaporators to a point such that, when fed into a rotary furnace, the heat 
evolved m combustion of the orgamc material is sufficient to evaporate the 
residual moisture 
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Concentration System ) Such an installation is peculiarly suited 
for this particular operation, because at the high temperature and 
acid concentration prevailing at the bottom of the tower, relatively 
large quantities of sulphur tnoxide are volatilized The top of 
the large tower serves as a combination of rectifying column, 
partial condenser, and final condenser, wherein this volatilized SO3 
is condensed and reabsorbed, thus avoiding its loss and the serious 
nuisance created by its escape. In view of the simplicity of the 
apparatus and the ease of operation, it is surprising that towers 
of this sort, fired directly with the flue gases from a furnace, are 
not more widely used. 

6. Evaporation by Bubbling Gas through the Liquid. — Not- 
withstanding the low partial pressure of most liquids at moderate 
temperature, substantial evaporation can be effected by passing air 
or other gases through the solution at as high a temperature as 
the liquid will tolerate without serious decomposition. The air 
should be injected m very fine bubbles and m large volume. For 
example, a solution of lactic acid may be thus concentrated 
without deterioration, due to even moderate heating. The air 
IS effective, not only for carrying away the vapor which springs 
into the small bubbles as they pass through the liquid, but also 
for perfect agitation which maintains the liquid at a uniform 
(maximum) temperature. 


CASE n 

The Heat %s Supplied through the Free Surface of the Liquid, 
and the Vapor is Evolved in Undiluted Form, 

There are no examples of this case in practice. Conceivably, 
it could be realized by generating radiant heat electrically within 
a closed still, but such a system has no apparent advantages, 
while it has obvious disadvantages. The case of evaporating 
water from a solution or suspension sprayed into a chamber, con- 
tainmg superheated steam will be treated under “ Drying. 

CASE m 

The Heat is Transferred through Solid Retaining Walls to 
the Liquid, and the Vapor is Swept away by Inert Gas, 

This combination is seldom found, except where the evapora- 
tor IS direct-fired and the flue gases are allowed to flow over the 
free surface of the hquid. In this case, heat may be transferred 
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m two ways conduction through the walls of the evaporator 
body, and convection fiom the flue gases to the surface of the 
liquid in the evaporator The passage of the flue gas ovei the 
surface of the liquid will have no effect in increasing the capacity 
unless the rate of evaporation is so slow that the vapor is evolved 
at a pressure below atmospheric, as in the concentration of sul- 
phuric acid in open pans or dishes In this case, the vapor pres- 
sure of the water is much less than one atmosphere because of 
the vapoi pressure lowering caused by the acid A modification 
of this case is found in the salt industiy m the form of apparatus 
known as salt giainers ” These grameis comprise large shallow 
rectangular chambers, built of wood, concrete, or steel, fitted with 
large diameter tubes with steam on the inside Steam is admitted 
at such a rate that no ebullition takes place, the evaporation going 
on quietly wuth no disturbance of the liquor surface Meanwhile 
salt crystals form on the surface and gradually sink to the bottom 
of the grainei. 

Tor the evaporation of very corrosive liquids, pans may be 
constructed of special materials Thus for the concentration of 
sulphuric acid above 60"^ Be , pans of platinum and gold were 
formerly widely used, direct-fired, and provided with draft hoods 
foi removal of the fumes At one time even glass, in the form of 
large evaporating dishes, was used for this purpose, but the break- 
age, due both to shock and to unequal heatings, was excessive. 
In recent years, dishes of fused silica, of various shapes, arranged 
in cascade, so the acid under concentration flows continuously 
thiough the apparatus, have been introduced To avoid break- 
age due to unequal expansion of setting and dish, these are placed 
on rings of asbestos packing m the top of the flue from a suitable 
furnace, and are thus directly heated by the flue gases The flow 
of acid is counter-current to that of the gases, to provide for the 
nsmg boiling point of the acid during evaporation As before, 
draft must be provided for removal of fumes. These dishes are 
fragile, and breakage is severe, especially m the expensive larger 
sizes It has been attempted to replace them by dishes cast of 
high silica iron but practice in this field is not yet standardized 

In the production of C P chemicals, and other more expensive 
products, porcelain evaporating dishes up to 18 in. in diameter 
and 6 in deep are used , they are resistant, but of poor conduc- 
tivity, fragile and expensive. 
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CASE IV 

The Heat %s Transferred through Retaining Walls to the Liquid j 
and the Vapor is Evolved in Undiluted Form 

By far the greater part of evaporative equipment falls in this 
class The source of heat may be (1) fire or hot gases, (2) hot 
oil or other liquid, and (3) steam The most important of these 
IS steam, and the rest of this chapter will be largely devoted to 
this case 

1. Direct-Fired Evaporators. — These consist usually of a cast- 
iron pot or steel pan set over a fire It is well to have combustion 
nearly complete before the flue gases strike the metal parts of the 
evaporator body, as the rate of combustion of the unburned gases 
is greatly decreased when the temperature of the gases is lowered. 
When the bottom of the evaporator is exposed to the fire, as in a 
steam boiler, the greater proportion of the heat is transferred by 
radiation However, where close temperature control is desired, 
it may be necessary to forego the rapid rate of heat transfer by 
radiation and to depend mainly on heating by the hot gases 

The mam resistance to the flow of heat in direct-fircd evapora- 
tors (or stills) IS on the combustion side of the evaporator body, 
and hence stirring of the contents of the evaporator will not 
greatly increase the capacity. However, positive circulation in 
the evaporator may be necessary to overcome the tendency of 
certain parts to become overheated, for example, when a very 
viscous material is being heated The capacity depends mainly, 
then, upon the area of still bottom exposed to heat and the 
difference in temperature between this and the source of heat. 

2. Oil Heated Evaporators. — Where a sufficiently high tempera- 
ture cannot be obtained by using steam at commercial pressures, 
and where direct-firing is undesirable, the heating is accomplished 
by the use of hot oil This method of heating may be applied 
to practically any form of apparatus designed for heating by 
means of steam, but usually it is applied to jacketed kettles. 

The oil heating system consists in a direct-fired absorber,^’ 
which is often similar to a water-tube boiler, together with a num- 
ber of automatic safety devices designed to prevent overheating 
of the oil, or burning out ’’ of tubes m the absorber. 

3. Steam Heated Evaporators — It very frequently happens 
that steam can be used as a source of heat more convemently 
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than the direct combustion of fuel The devices thus utilizing 
steam are many, but certain basic conditions must be met for the 
most economical practice As pieviously indicated (p. 386), 
capacity is directly proportional to the product of the following 
three factors area of heating surface, overall difference m tem- 
perature between steam and boiling liquid, and overall coefficient 
of heat transfer from steam to boiling liquid 

In order that the heating surface may be as effective as possible, 
one must have provision for conducting the condensed steam 
(water) promptly out of the heating system, and provision for 
preventing the accumulation therein of the fixed gases carried 
by the steam. 

The value of the overall coefficient of heat transfer, as shown 
in the chapter on Flow of Heat, depends on a number of variables, 
such as 

Thermal conductivity of boiling liquid^ which is, m turn, mainly 
determined by its specific heat, specific gravity, and molecular 
weight (p 180) 

Viscosity of the boiling liquid, which varies with temperature 
and concentration for a given liquid, and varies widely from liquid 
to liquid. The importance of this factor can hardly be over- 
estimated. 

Effectiveness of convection currents within the boiling liquid, 
which is determined by the rate of evaporation per unit area of 
heating surface, by the physical properties of the solution in ques- 
tion, by the depth of liquor on the heating surface, and the relative 
arrangement of heating surface and liquor space The importance 
of the latter wiU be brought out in the discussion of the various 
types of evaporator bodies Since the magnitude of convection 
currents in a given case depends on the rate of evaporation 
per unit area of heating surface, the effect of temperature difference 
IS obvious. 

In Fig. 92 is shown the relation between the overall ^ coefficient 
of heat transfer, H, the difference in temperature between con- 
densing steam and boiling liquid, At, and the viscosity of the boil- 
ing solution, z. Since as a first approximation H may be assumed 

^ The controlling factor is the film coefficient from tube to boiling liquid 
rather than the overall coefficient (p 136) But smce up to a value of about 
400 the are nearly proportional this simplification is valid within this 
range Beyond a value of 400 the plot should be used with caution. 
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inversely proportional to z, the product of the two is plotted as 
ordinates 

These data are the results of three independent investigations 
on evaporator bodies of Type 1 It will be noted that the points 
for each series of runs fall on a straight line on logarithmic paper 
and that the slopes of these four lines do not differ greatly The 
difference in the ordinates for any single value of is due 
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most probably to variations in the degree of circulation occasioned 
by the disposition of the heating element in the evaporator body, 
and other variations m construction. 

If one has heat transfer and viscosity data for any type of 
evaporator body operating under definite conditions this diagram 
may be used to predict the coefBcient of heat transfer for the same ^ 

1 Where data for the same liquid are not available one may use as an 
approximation results obtamed with a similar liquid, i e , one which has 
the same thermal conductivity (p 180 ). 
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liquid m that evaporator under changed conditions, due to the 
fact that the curves are practically parallel This is done by plot- 
ting the available data on this diagram and drawing through the 
point or points a line parallel to the general trend of those shown 
in Fig 92 Such a line then represents the values of Hz corre- 
sponding to values of At for that liquid and type and design of 
evaporator. Thus if a solution with a viscosity of 0 4 centipoise 
IS boiling in an evaporator with a coefficient i? of 375 where the 
temperature difference is 10° F., a point on the above diagram 
would fall at absicssa of 10 and ordinate 150. If now this appa- 
latus be operated with this liquid, but at a concentration and 
temperature where the viscosity is 10 centipoises, and with a 
diffeience in temperatuie of 40° F, the coefficient H may be 
obtained by seeking on the line just drawn, the ordinate Hz which 
coriesponds with the abscissa of 40 This is found to be about 330, 
and the coefficient H is approximately 33 While such a value 
is not absolute, all the available data indicate that it will be far 
moie leliable than that obtained by the present methods of 
guessing. 

Thermal conductivity of the heating surface^ through w^hich 
heat IS transferred by conduction. 

The thermal conductivity of coppei is approximately nine 
times that of steel, and the thickness of copper tubes is usually 
about the same as that of seamless steel tubes, so if the thermal 
resistance of the heating surface were the controlling factor, a 
nine-fold increase m capacity would be expected upon the substitu- 
tion of copper for steel tubes As shown on p. 145, the thermal re- 
sistance of metal tubes in an evaporator is small compared to the 
total resistance, so only a small increase lesults from such a sub- 
stitution. Obviously, the less the othei resistances in comparison 
to that of the walls of the heating surface, the greater is the gam, 
but even under the most favorable conditions, t.e , with practi- 
cally pure steam condensing on one side, and very rapid circula- 
tion of boiling liquor on the other, the gam rarely exceeds 30 
per cent and is usually much less. However, where the walls of 
the heating surface are relatively thick and made of a material 
of low heat conductivity, such as enameled iron, the overall coeffi- 
cient from condensing steam to boiling liquid may be considerably 
less than the value obtained with a thin all-metal wall. 

Uniformity of heating, completeness of control and general 
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simplicit3>^ of operation are among the advantages incident to 
steam as a source of heat Obviously, if low pressuie exhaust 
steam is available, gieat economy is introduced by its use, 
even when it is necessaiy to obtain the desiied difference in 
temperature between the steam and the boiling point of the 
liquid to be evaporated, by loweimg this latter by means of 
a vacuum 

Jacketed Kettles and Pans. — Apparatus of this type of the 
most diverse chaiacter is now available, and much latitude m 
size, shape, completeness of agitation of the charge, and material 
of construction is enjoyed Many manufacturers supply kettles 
made of aluminum, duriron, coppei, steel and cast iron and also 
kettles lined with tin, silver and enamel to resist specific corrosive 
action Although brittle, enameled ware can be secured of suffi- 
ciently high quality to stand up under reasonable service con- 
ditions, both as to temperature variation and shock, a drawback 
IS its lower heat conductivity, as noted above. 

Standard Evaporator Bodies — Most of the evaporators in 
use are those heated by means of steam Various types are 
available and these will be discussed m detail in connection with 
multiple-effect evaporation under the heading “ Typical Evapora- 
tor Bodies ” (See pp 408 to 416 ) However, it should be 
remembered that such can be and are used for single effect opera- 
tion, both for continuous feed and discharge, and for operation 
by the batch process 

Evaporation in Vacuum. — There is a very general impression 
that evaporation can be carried on under a vacuum at a less 
expendituie of energy than at ordinary atmospheric pressure. 
The actual saving is httle or nothing, for, while less heat is 
required to biing the liquid to the boiling point, the heat of 
vaporization increases as the temperature falls (see Hilde- 
brand chart, p. 16 and pp 432 to 433), and furthermore a 
certain amount of energy is required to operate the vacuum 
pump 

The real advantages incident to the use of vacuum, are first, the 
boiling point of the hqmd is reduced, and hence the temperature 
difference between the boiling liquid and low pressure steam is 
increased, and evaporation accelerated. Second, many substances, 
chiefly organic, deteriorate when their solutions are boiled at 
atmospheric pressure, as, for example, glue and tannin solutions, 
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milk and concentrated solutions of sugar Third, the size and 
character of many crystals may also be controlled by the tem- 
perature and rate of formation from an evapoiating solution 
(p. 417) 

Maintenance of Vacuum, — As already indicated, operating an 
evaporatoi under vacuum increases its capacity because of the 
increased temperatuie difference between the souice of heat and 
the boiling liquid. Since the pressuie is below atmospheric the 
vapoi must be pumped out, though it is important to condense it 
before removal, thus reducing the work lequired to a very small 
value Assuming free ^ vapor passages and the absence of non- 
condensable gases, the total pressure in such a system will be the 
vapor pressure of the liquid at the lowest temperature to which 
it IS cooled m the condenser, while yet in contact with its vapor 
Were the pressure lower, no condensation whatever could take 
place, were it higher the temperature of the condensed liquid 
would instantly rise due to condensation of more vapor into it. 
In general, the pressure in such a system will be somewhat greater 
than the above owing to the presence in the vapor of inert, non- 
condensable gases, if these aie large in amount the pressure will 
rise greatly. Provision must be made for taking these out of the 
condenser, either with the condensed liquid or sepaiately. Obvi- 
ously the heat of condensation evolved m the condenser must be 
removed by absorption, as otherwise condensation of the vapor 
will be incomplete, the pressure will rise and vaporization m the 
evaporator will be retarded. This requires adequate condensing 
Sjirface and cooling medium. 

Condensers — The condenser maybe of two types: (a) the 
cooling water is kept separate from the condensing vapor (surface 
condenser) and (6) it mixes directly with the vapor as a spray or 
film (jet condenser) 

In surface condensers^ to secure a high overall coefficient of 
heat transfer from condensing vapor to cooling medium, the 
reqmrements^ are, rapid circulation of the cooling medium to 
reduce the effective thickness of water film through which heat 
must flow by conduction, immediate removal of the condensed 
liquid, and as complete removal as possible of non-condensable 

1 To make negligible any drop in pressure from pomt to point due to 
friction of the flow of vapor 

* See pp 134 to 158 
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gases to prevent the formation of an insulating film of relatively 
stationary gas 

The advantages of the surface condenser are, that the con- 
densate IS obtained uncontammated with the cooling water, that 
the capacity may be varied widely by controlling the rate of flow 
of the cooling water, and the coolmg water does not have to be 
pumped out of the vacuum 

The advantages of a jet condenser are, that very rapid transfer 
of heat and hence large capacity per unit floor space is obtained 
because of the direct mixing of vapor and cooling water, relatively 
simple construction at a low cost, and the fact that corrosive vapors 



Fig 92 a, — Wheeler Surface Condenser 


may be condensed without destruction of the containing walls or 
the use of specially resistant material 

The disadvantages of the jet condenser are, the larger 
volume of cooling water reqmred, the necessity of lifting all 
the cooling water as well as the condensate and fixed gases 
from the prevailing vacuum to atmospheric pressure, and the 
unavoidable escape of the permanent gases dissolved m the 
cooling water into the vapor space with corresponding nse 
in pressure. 

In both types of condensers the liquid and gases may be 
removed by a wet-air pump, or separately by a dry-air and a liquor 
pump When a barometric leg is employed no pumps are neces- 
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sary/ but the vacuum is improved by the use of a dry air pump 
connected to the top of the apparatus. 

Heating Elements — The small area of heating surface fur- 
nished by a jacket, makes such an apparatus undesirable for 
rapid evaporation of large volumes Recouise is had therefore 
to heating elements made fiom pipe, either m the shape of coils, 
which may be of most complex foims, or straight pipe set in tube 
sheets at either end. The factors m the design of the heating 
surface have been outlined, and will be further discussed in con- 
nection with the various types of steam-heated evaporators. 

Frothing and Entrainment. — Since the object of evaporation 
is the separation of vapor from residue, it is essential to secure 
such separation before the vapor passes to the condenser 

In rapidly boiling liquids, the escaping vapor has a stiong 
tendency to carry liquid with it, sometimes as bubbles or froth, 
and sometimes as suspended droplets, probably produced by the 
bursting of bubbles during the escape of the enclosed vapoi 
The former is called frothing j and the latter entrainment 

Frothing.^ — With badly frothing liquids, where the bubbles 
are stable and persistent, it is sometimes difficult to prevent 
almost the whole body of liquid from lifting over with the vapor. 
Usually, however, the bubbles can be broken up by passing the 
froth over additional heating surface, this causes further evapo- 
ration, with resulting distention of the bubbles to the point where 
they burst. This is readily accomplished where the heating sur- 

^ Although m a barometric condenser, that is, one so placed that the cooling 
water and condensate flow by gravity through a column of liquid equivalent 
to the prevailing vacuum, no pump is required, yet this quantity of cooling 
water must at some time have been pumped to the top of the condenser, and 
an equivalent amount of energy expended 

2 Daube, M I T Thesis f 1919, found that the height of foam produced 
by bubbling air through a soda-ash solution was directly proportional to the 
average depth at which the bubbles were formed, and proportional to approxi- 
mately the 0 8 power of the linear velocity of the gas For a given apparatus, 
liquid, and hqmd depth, the height of foam produced at a definite linear gas 
velocity was practically the same under atmosphenc pressure or vacuum, and 
whether hydrogen, air, or carbon dioxide was used These experiments 
indicate that it is linear velocity, and not mass velocity, that determines foam 
formation Since the shape of the evaporator and the physical character- 
istics of the Iiqmd in question have a profound influence on the foam forma- 
ation, expenmental work should be done in each case to determine the foaming 
characteristics 
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face IS in the form of coils or closely packed tubes, but the heat- 
ing elements must be well distributed through the path of the 
tiothy vapoi, as the conductivity of such a mass is poor In 
practice, if the liquid in such an evaporator begins to froth, the 
liquid level is lowered until a portion of the heating surface previ- 
ously submerged is exposed to the vapor, thus lessening the 
amount of vapor disengaged below the surface of the main liquid 
mass and allowing the froth produced to play over the heating sur- 
face above the liquid, the level being so adjusted that the froth is 
broken up just at or above the top of the heating surface. Other- 
wise any heating surface m contact with vapor alone would be 
ineffective in evaporation The proper location of the level 
between mam liquid and froth is determined by experiment The 
lowering of liquid level to reduce foaming has the disadvantage of 
the formation of scale on the heating surface, where this deposited 
matter does not dissolve readily, the disadvantage is serious 
Foaming liquids can also be treated in film type evaporators 
(see pp. 410 to 415) 

Entrainment — It seems probable that the most important factor 
in determining entrainment is the mass velocity of the vapor 
rising from the free or disengaging surface of the liquid in the evapo- 
rator, % e , the pounds of vapor escaping through each square foot 
of disengaging surface per hour The disengaging velocity allow- 
able must, however, be determined for each specific case, as the 
viscosity, density, and surface tension of the liquid affect the 
result Since the first and last of these vary greatly with change 
m temperature, hence with change in pressure, and also with 
concentration, it is unsafe to determine the maximum allowable 
disengaging velocity at other than the actual conditions to be 
encountered in the evaporator A determination made experi- 
mentally m a small apparatus wiU, however, enable one to 
estimate within reasonable limits the conditions that will be en- 
countered m practice 

To allow such particles to settle back into the evaporator, it 
is important to provide above the disengaging surface of the 
evaporator reasonable headroom m which there is no constriction 
of area of cross-section, thus avoiding increase in the velocity of 
the rising vapor. In industrial apparatus, this headroom is 
rarely less than 30 in , and should be 6 to 15 ft. The disad- 
vantages of increasing headroom come from the increased size 
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of the apparatus and the gi eater heat loss to the surroundings 
Owing to the small ratio of external surface to volume in large 
evaporators, it is possible in such to mciease the height of the vapoi 
space without inciease in percentage heat loss be^'ond what 
would be found in a small evaporator 

It IS found advisable to remove the droplets which remain m 
the vapor by utilizing centiifugal force. This is accomplished by 
passing the vapor through a vessel of gieatly restricted section 
having a circulai path, with provision for draining back into the 
evaporator the particles impinging upon the walls Where appre- 
ciable decrease in pressure of the vapor is allowable, it is possible 
to produce a high velocity through a long path, against bafBe 
plates, and thus secure very effective removal of drops The 
passage of the vapor around and against baffles followed by tem- 
poral y reduction in velocity is sometimes used to separate discrete 
particles theiefrom, but the major action is the centrifugal effect 
at the points of change in direction (See Fig. 94, p 410 ) 

Energy Required for Evaporatton. — The measure of the theo- 
retical difficulty of carrying out any reaction or separation is the 
minimum amount of work necessary to effect the change involved, 
if pel formed under theoretically perfect and reversible conditions, 
“le, the change in fiee energy. A process should be able to 
operate with a work consumption not greatly exceeding this value 
It should be remembeied that this energy must be supplied as 
work, mere heat is not its equivalent, though for convenience the 
energy is often expressed in heat units On pp 439 to 440 
equations are given for the minimum amount of work required, 
and it is shown that this is very small, amounting, in the case of 
a 10 per cent water solution of glycerine, to but 6 4 B t u pei lb. 
of water evaporated It is evident that the more concentiated 
the solution the greater is the theoretical energy required, but 
even for concentrated solutions, this value remains small. For 
colloidal solutions, z.e., those of high molecular weight, the reveisfflle 
work is even less Theoretically, therefore, the greater part of 
the heat supplied in evaporation should be recoverable, and such 
IS the case. 

It was emphasized that the free energy necessary was a work 
and not a mere heat requirement, but since available heat engines 
actually convert 20 per cent, or more, of the heat supplied into 
work, the theoretical heat requirement for a 10 per cent glycerine 
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solution IS only 32 B t u per lb of water evaporated From this 
point of view^ a simple evaporator is a very inefficient mechanism. 
However, the heat required for evaporation is almost entiiely con- 
verted into latent heat of vaporization, and is, in this form, earned 
out of the evaporator by the vapor and can be again utilized by 
condensing the vapor 

Suppose, for example, that in a given plant a certain amount 
of water is being evaporated at atmospheric pressure m the proc- 
ess of concentration of an aqueous solution Most of the heat 
consumed appears as latent heat in the water vapor. It could 
not, however, readily and directly be employed to evaporate more 
water under these conditions, since on condensing it this heat 
IS evolved at the boiling point (100° C ), so that no temperature 
difference exists to force the heat through the necessary heat- 
ing surface into the fresh solution to be evaporated If, however, 
the same plant had a corresponding supply of alcohol to be dis- 
tilled, the water vapor from the above evaporator could readily 
be used as a heat supply therefor, by condensation in the heating 
coils of the alcohol still, rather than using boiler steam for this 
still. If, m turn, this same plant had ether to be distilled, the 
heating coils of the ether still could be used as a condenser for the 
alcohol vapor, thus avoiding the use of boiler steam in the ether 
still. In this way a succession of liquids of progressively lower 
boiling points can be evaporated with a single supply of heat. 
In other words, m the process of evaporation, the heat used is 
merely degraded in temperature and this degradation is slight 

Multiple Effect Principle. — ^However, the conditions above 
outlined which allow a given quantity of heat to be used for 
evaporation a multiple of times by boiling a series of liquids of 
successively lower boiling points do not frequently exist But 
it is true that the boiling point of a water solution depends upon the 
pressure above it, and by a judicious selection of pressures, a 
solution can be made to boil at the temperatures given for alcohol 
and ether or any more suitable temperatures, and a similar 
economy of heat effected Each evaporator (kettle or pan) is 
called an “ effect and this process is called Multiple Effect 
Evaporation. 

Suppose, for example, the steam entering the coils of Effect A 
in Fig. 93 is saturated exhaust steam at 4 2 lbs gauge (18.9 lbs. 
per sq. in. abs. pressure) and at 225° F., and the pressure in the 
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vapor ^ space of A coriesponds to a vacuum of 8 75 in of mer- 
cuiy, 01 with iioimal baiometei 10 4 lbs per sq in. absolute 
piessurc The watei in A will boil^ at 195° F , and furnish steam 
to the heating coils of B at this tempeiature The vacuum m 
the vapor space of 5 is 19 1 m and hence water will boil at 16 
The vapor coming fiom B and enteimg the heating coils of C at 
165° will cause watei to boil in C at 125° where the vacuum is 
25 9 in Vapor fiom C at 125° will then pass to the condenser 
Since the heating element of A is above atmospheric pressuie, 
the condensed water in it can flow from it by gravity at a 


CN 



little below 225° F But the condensed water in the heating 
space of B is under vacuum, hence the pump P' must be used 
to exhaust the heating space in B and deliver the water at atmos- 
pheric pressure. Similarly, the condensate m the heating space 
of C and the surface condenser D must be pumped out 

It is evident that the condensed water from the heater in A 
at about 225° is in position to give up part of its sensible heat to 
the liquid boiling in B at 165°, and by leading it into the heating 
element of B part of it flashes into steam on account of the lower 

1 For the sake of clearness the steam evolved by a boiling solution will be 
referred to as vapor while the word “ steam ” will be used to designate 
the source of heat m any particular effect Obviously the vapor from one 
effect becomes the steam supply of the next 

2 For the purpose of simplicity, in this illustration boiling point raising 
has been neglected. 
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pressure, reducing its temperature to 195°, the temperature of 
the steam in the coils of B Similarly, heat may be recovered 
from the condensate from the heating surface of B, by passing 
it into the coils of C 

The solution to be evaporated is fed at 195° into the liquor 
spaces of Effect A at Fo by means of a pump, or by gravity Since 
the pressures m B and C are progressively lower, it is evident that 
the solution can be drawn m sequence through the system by the 
pipes F' and E" and finally lifted to atmospheric piessure by the 
pump F'". This arrangement is called parallel flow,” since 
the vapors and liquors flow m the same direction In order to 
insure the absence of fixed gases m the heating space of all the 
effects, each is connected by a small pipe to the vacuum pump 
or to the body of the vapor space of the same effect \vhich is 
obviously at lower pressure Wheie the non-condensable gas is 
small in amount the latter is better practice, as this method acts 
as a safeguard against the loss of steam due to its discharge with 
fixed gases 

Economy Versus Capacity. — Theoretically, therefore, in this 
case one pound of initial steam should evaporate approximately 
one pound of water in each of the Effects A, B, and (7. In prac- 
tice, for reasons discussed later, the evaporation per pound of initial 
steam, even for a fixed number of effects opeiated in series, varies 
widely with conditions, and is best predicted by a heat balance 
The heat economy of such a system must not be confused with 
the evaporative capacity of one of the effects If opeiated with 
steam m the heating space of 225° and 25 9 in vacuum in its 
vapor space. Effect A will evaporate as much water (nearly) 
as all three effects costing more than twice as much, but it will 
require approximately three times as much steam and cooling 
water. The capacity of one or more effects in series is directly 
proportional to the effective temperature difference between 
temperature of the steam supplied and the temperature of the 
boiling solution in the last effect. Hence if this lemains constant, 
the capacity of one effect is the same as a combination of three 
effects. On account of complications in construction and opera- 
tion of multiple effects, they are not so frequently used for the 
evaporation of corrosive liquids, or where fuel is very cheap, or 
for small scale processes, but they are of great value and nppor- 
tance m increasing the economy of large scale evaporative proc- 
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esses, and are continually being simplified and improved The 
savings resulting from the installation of additional effects are 
discussed on pp 424 to 427 

Efficiency Versus Economy. — In this connection, it may be 
noted that, m the literature on evaporators, the word “ efficiency 
IS often erroneously used for the capacity ’’ of a system The 
true efficiency of any evaporative system can be determined, 
as shown on pp 402 to 403, but since the data for this are 
frequently inadequate and almost always inexact, it is wiser 
to express the performance of a given apparatus as its heat 
economy,’^ i e , the evaporation obtained per unit of steam 
consumption This removes any uncertainty in the expression 
of the result 

Terminal Conditions. — The highest temperature employed 
in an effect is limited by the corresponding pressure, which must 
not exceed the working strength of the apparatus At times it 
is of course limited by the pressure of the available steam supply,^ 
also, by the temperature to which the solution may be safely 
heated. The lowest pressure which can be realized depends upon 
the temperature of the cooling water. These limiting tempera- 
tures, together with the nature of the solution to be evaporated, 
and the product required, are factors not usually within the con- 
trol of the designer of evaporative equipment, but are already 
determined Collectively, they are designated the “ terminal 
conditions ” of an evaporative system, and represent the fixed 
and accepted limitations under which the equipment must be 
designed to operate 

Theoretical Limit of Number of Effects ; Boiling Point Raising. 

— Every solution exerts a vapor pressure less than that of the 
pure solvent at the same temperature, and corresponding to this 
vapor pressure lowering is an equivalent boiling point raising. 
That IS, dissolved substances lower the vapor pressure of the 
solvent, such reduction increasing with the concentration of 
solute Since a solution boils when its vapor pressure reaches 
that of its surroundings, it must be heated to a temperature above 
the boiling point of the pure solvent, before ebullition can take 
place. The vapor rising from a solution is therefore superheated 

^ Where power is needed in the plant boiler steam may be expanded 
down to nearly atmospheric pressure through turbines or steam engines, 
the exhaust steam being used for the evaporators However, see p 427. 
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by an amount exactly equal to this boiling point raising (b.p.r.) 
and it must be cooled by this amount before it will condense and 
give up its heat of vaporization While the amount of super- 
heat is small when compared to the latent heat of the vapor, it 
should be noted that this latent heat of vaporization becomes 
available for use only when cooled to a temperature lower than 
the solution from which it came by the amount of this b p r. 
This loss of temperature difference from condensing steam to 
boiling liquid in the next effect increases the heating surface 
required for the transfer of the heat As is shown on page 432, a 
33 3 per cent caustic soda solution has a b p r of 34° F Theo- 
letically, the temperature gradient from one effect to the next 
may be changed at will, but the drop due to the b p.r is a fixed 
quantity for any determined concentration of the solution. The 
possible number of effects, therefore, is limited to the total tem- 
perature drop available to force heat through the heating surface 
(and this is the difference in temperature between the steam 
supply and the cooling water) less the total b p.r in all effects 
This subject will be further discussed on pp. 428 to 429. 

Multiple Use of Steam Through Mechanical Work. — In the 
above discussion, the point was made that work, rather than heat, 
IS the essential thing in evaporation, and yet the methods of 
evaporation presented have involved heat transfer alone. It is, 
however, possible to use mechanical work effectively in evapora- 
tion, by mechanically compressing the vapor given off from an 
evaporating solution (more or less superheated by the b.p.r ), and 
again using the high-pressure steam thus secured, in the steam 
coils of the same effect from which the vapor came. 

As was stated on page 403, the only reason why the vapor com- 
ing from Effect A could not again be used in A to evaporate more 
solution, IS that it is at the same temperature as the solution 
boiling in A, and hence the heat would not fiow from the heating 
space through the container walls into the solution. The heat 
units are present m the vapor as latent heat, but they are available 
at too low a temperature and pressure If now, this vapor be 
compressed to the* proper pressure, its condensation temperature 
will be so raised as to be again available for transferring heat in 
the heating coils of Effect A, The chief difficulty with such a 
piocess lies m compressing large quantities of low-pressure vapor, 
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having a large volumej from the saturation point up to a pressure 
high enough for use in the heating coils Due to cooling by radia- 
tion, and to entrainment, it is impractical to use an ordinary air 
compressor , the erosion of the mechanical parts is also a disad- 
vantage. The only method, heretofore adopted for overcoming 
this, has been the use of a steam ejector, employing high- 
pressure boiler steam to draw the vapor out of the evaporator 
and compress it to the degree required The resulting mjxture 
of steam from the evaporator and the boiler then flows to the 
steam coils of the evaporator itself The condensation there 
obviously leaves an excess of uncondensed steam, which goes to a 
feed-water heater or to waste With this system, it is possible 
to evaporate about thiee pounds of water per pound of boiler 
steam, oi the equivalent of a tuple-effect evaporator, but with 
high compressive efficiency and small heat losses, it should be 
possible to evapoiate much more water per pound of boiler steam 
than this The development of this type of mechanical evapo- 
rator offers much promise, especially, for use where powei is cheap 
relative to fuel In its present form, this evaporator should be 
considered for small installations, as it makes possible the reali- 
zation of high heat economy m a single effect. 

' TYPICAL EVAPORATOR BODIES 

In any evaporator effect, there must be provided (1) means 
foi supplying steam to the heating surface, (2) means for removing 
the condensed wmter and non-condensable gases, (3) disengaging 
space for separation of vapor from boiling liquid, (4) means for 
admission and removal of the liquid to be concentrated, and (6) 
provision for removal of vapor evolved. 

The heating surface of an effect is generally made up of tubes, 
straight on account of ease of construction and cleaning, cither 
horizontal or vertical, or inclined at an angle The boiling liquid 
may be either outside or inside these tubes, the steam being m 
either case m contact with the other surface And finally, the 
boiling liquid may he over the heating surface as a deep layer, 
i,e j the tubes submerged in the liquid, or the boiling liquid may 
be distributed over the heating surface as a thin film Cor- 
responding to these possibilities, evaporator effects may be classi- 
fied under the following types. 
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Tubes horizontal 


Liquor outside tubes 


Liquor inside tubes 


{ Submerged Tube Type 
Film Type 

f Submerged Tube Type 
i Film Type 


( 1 ) 

( 2 ) 

(3) 

(4) 


j Liquor outside tubes 

Tubes vertical (also in- 
dined) < 


Liquor inside tubes 


r Submerged Tube Type (5) 
\ Film Type (6) 

( Submerged Tube Type (7) 
\ Film Type (8) 


Effects, corresponding to all but one of these types, are found 
in commercial operation Foimerly there were several types 
known by the names of their designers, but experience has 
standardized practice m construction, and a few types are now 
accepted as having justified themselves, and can be obtained of 
any one of a number of manufacture! s. 

Type 1. Tubes Horizontal, Liquor Outside, Submerged Heat- 
ing Surface. — This is an important and widely used type In the 
evapoiator shown in Fig 94, the steam is supplied to one of the 
two steam chests, from which it is distributed to the steam tubes, 
and the condensed steam is trapped out from the bottom of the 
chest at the other end of the tubes. The boiling liquid is in the 
mam body of the evaporator around the heating tubes, and the 
space above the liquid serves for settling the entrained droplets fiom 
the vapor. The dilute liquor is fed in through a supply pipe at one 
side of the evaporator either above or below the liquor level, some- 
times through jets, and the more concentrated liquor flows out 
at the bottom of the opposite side. The vapor leaving the top 
of the disengaging space, before entering the vapor mam leading 
to the next effect or to the condenser may pass through a steam 
separator catch-all containing one or more baffles for further 
separation of the entrained liquor from the vapors. The steam 
tubes are fitted into the steam chest with gaskets of rubber or 
othei suitable packing material, held tight by face plates screwed 
down upon the gaskets from the steam chest side In order to 
insure circulation of the boiling liquid, a space, entirely free from 
tubes IS provided, either at the center or at the sides or both. 
Evaporators of this type are constructed by practically all manu- 



410 


PRINCIPLES OF CHEMICAL ENGINEERING 


facturers. For example, the Swenson horizontal tube evapo- 
rator (Fig. 93) has a rectangular body, while the Zaremba (Fig. 94) 
has a veitical cylindrical body. The differences in evaporators 
of this type supplied by the various companies lie mainly m 
the effectiveness of maintaining circulation and in simplicity, 


• Vccpor Ouilel 



Fig 94 — Evaporator, Type 1 {Zaremha) 

strength and perfection of mechanical construction. The rela- 
tive location and size of heating surface and free circulation space 
have a large influence m determining the rate of circulation, and 
therefore the coefficient of heat transfer 

Type 2. Tubes Horizontal, Liquor Outside in Film Form. — 
The Lillie evaporator is the only modern representative of this 
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class In this type theic is only one steam chest and each of 
the parallel tubes containing the steam is closed at the extreme 
end except for a small opening which allows the non-condensable 
gases to escape into the disengaging chamber which surrounds 
the tubes The tubes slope slightly toward the steam chest to 
diain out the condensed water which is trapped out from the 
bottom of the chest The feed liquor is distributed over the 
top rows of steam tubes through a suitable distributing device, 
usually consisting of parallel perforated pipes or troughs. The 
concentiated liquor collecting in the bottom of the disengaging 
space IS pumped out, and is either recirculated through the same 
effect, distributed into the next effect in series with the first, or 
withdrawn as product. 

It has been shown that if an evaporating liquid begins to froth, 
it IS possible to stop this by lowering the liquid level, so that the 
liquid plays over the heating surface as a foam Evaporators of 
Type 1 when used with frothing liquids, are operated in this way 
and should then be classified as Type 2 

Type 3. Tubes Honzontal, Liquor Inside, Submerged Heat- 
ing Surface. — This type has never been realized owing to the 
impossibility of lemovmg vapor from the tubes without at the 
same time carrying out the liquid. The nearest analogue is the 
water-tube boiler, but in this case, the heating element is not 
steam. 

Type 4. Tubes Horizontal, Liquor Inside in Film Form. — The 

y ary an evaporator (Fig 95) is equipped with horizontal tubes 
surrounded by steam The feed liquor enters the tubes and 
flows through several horizontal passes, leaving at the opposite 
end to discharge into the disengaging chamber, m which the 
entrained liquor is separated from the vapor by suitable baffles 
The liquid in the tubes flashes partly into vapor and rushes 
through the tubes as a froth consisting of alternate slugs of 
vapor and boiling liquid The concentrated liquor is drawm 
off while the vapor passes to the steam space of the next effect 
in series, or to the condenser. The high velocity of liquid in- 
duced by the evaporation m the first part of the liquid path 
gives a very high coefficient of heat transfer, but in the last 
part of the path although the velocity is still higher, the material 
flowing IS largely vapor and hence the coefficient of heat transfer 
is low. The net result is that the average coefficient of heat 
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transfer for the entire path is usually somewhat lower than 
IS realized m other types It is obvious that the total amount 
of liquid exposed to high temperature is small compared to 
the amount so exposed m Type 1, and hence the time oj exposure 
of liquid to the high temperature is much less Therefore for 
materials which deteriorate on long heating, the use of an 
apparatus of this type is desirable Other types of evap- 
orators in which the tune of exposure is short wiU be dis- 
cussed later 

Type 5. Tubes Vertical, Liquor Outside, Submerged Heat- 
ing Surface. — In the earlier days of evaporator practice, effects 
were constructed of large vertical cylindrical shells, the heating 



Fig 95 — Evaporator, Type 4 (Y ary an) 


elements consisting of vertical steam tubes connected at top and 
bottom into horizontal headers for supply of steam and removal 
of condensate Such effects were at one time spoken of as the 
standard type. It is, however, difficult to insert such heat- 
ing elements, so as to secure a maximum heating area in a given 
volume of the body of the effect, and, moreover, the steam headers 
interfere with the circulation of the boihng liquid, thus cutting 
down the heat transfer coefficient. The use of this type has in 
general been abandoned 

Type 6. Tubes Vertical, Liquor Outside in Film Form. — The 

type described m the preceding paragraph, when used for frothing 
liquids, employing the method previously mentioned of lowering 


^ This term is now applied to Type 7 with central downtake 



EVAPORATION 


413 


the level of the boiling liquid so that the major portion of the 
heating surface is covered only with the foam and bubbles produced 
by ebullition, falls under this head Since it suffers from all the 
disadvantages of the construction using submerged heating sur- 
face, it IS no longer used. 

Type 7, Tubes Vertical, Liquor Inside, Submerged Heat- 
ing Surface. — This important evaporator type is usually built 
of a vertical, cylindrical shell with, however, two available 
methods of insertion of the heating tubes. The ends of 
these may be expanded into plates or diaphragms ” extend- 
ing clear across the evaporator body, and thus forming a 
suitable steam chest; in the center a large circular tube is 
provided for descent of the liquor, which rises through the 
heating tubes. 

Frequently the steam chest consists of a short cylindrical 
shell, somewhat smaller than that of the evaporator itself, closed 
at the ends by tube sheets into which closely spaced heating tubes 
are expanded. This steam chest is supported concentrically 
withm the mam evaporator shell. From the shape of the steam 
chest, it IS described as a basket.” In the case of single effect 
finishing pans, such as strike pans for sugar, a central down- 
take IS sometimes provided 

The notable advantage of Type 7 is the ease of cleaning the 
heating tubes from incrusted matter by running a rotary cutting 
tube-cleaner through the tubes. To this end, the diaphragm 
type IS provided with man-holes, while the mam body of a 
basket ” effect (Fig. 96) is flanged, so that the whole basket 
can be removed, extra baskets are usually kept on hand so that 
operation may be quickly resumed, nnd the incrusted basket 
cleaned or repaired at leisure. 

Salt solutions often contain gypsum, marked in its tendency 
to form a dense, adherent scale of such low heat conductivity 
that the evaporative capacity of the apparatus is rapidly reduced 
This type is well suited for use in concentrating such solutions, 
and IS so widely used for this purpose that these effects are fre- 
quently termed salt evaporators.^' 

Type 8. Tubes Vertical, Liquor Liside in Film Form. — 
Evaporators of this type consist of a group of long, vertical tubes, 
the ends of which are expanded into two plates which form dia- 
phragms across a cylindrical shell near the ends, the space 



414 


PRINCIPLES OF CHEMICAL ENGINEERING 


between these plates being the steam chest The liquor is fed into 
the shell below the bottom plate, undei sufficient head to rise a 
short distance into the tubes There it boils^ and the vapor rising 



as froth forces slugs of liquor ahead of it at high velocity up the 
tubes and out into the disengaging space in the evaporator shell 
above the upper tube plate. In the Kestner (Fig 97) the dis- 
^ Courtesy of Buffalo Foundry d Machine Co , Buffalo, N Y 
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engaging space is, however, so small that a centrifugal separator 
IS used The liquid, after passing through the tubes and sepa- 
rating from the vapor, is led down through a retuin pipe from 
which it can be deflected either back to the bottom of the 
evaporator shell for recircula- 
tion, or to a second effect, or 
drawn off as product 

The distinctive advantage 
of this type lies in the high 
heat conductivity realized, 
due to the great velocity of 
the liquid over the heating 
surface The character of the 
flow of liquid and vapor 
through the tubes guarantees 
a thorough and rapidh^ re- 
peated wetting of the whole 
heating surface Unlike the 
Lillie, the velocity is high 
because the flow is forced — 
not due to gravity alone 
This type has interesting 
possibilities, and its features 
should be carefully studied 
to secure further development 
in design —Evaporator, Type 8 (KeUner) 

Evaporators of Type 8 are 

sometimes built with inclined tubes, thus reducing the head 
room required 

Evaporators of Type 7 when used for the concentration of 
frothing liquids are operated by lowering the liquid level (see 
p. 400) They thus become in effect Type 8 evaporators. 

Salting-out Evaporators. — Evaporator bodies which are to 
be used for solutions depositing crystals during the process of 
concentration must have provision for removal of the crystals. 
Since interference with continuity of operation is very undesirable, 
the evaporator is equipped with a type of double seal, known as a 
“ salt catch.” This consists of a chamber separated from the 
evaporator just above it by a gate valve and in the bottom of which 
is a second such valve. The bottom of the evaporator body is 
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sloped downward as in Fig 96, p 414, to the upper valve, so that 
crystals deposited will fall upon it, and flow through it when 
opened Sometimes the salt receiver is fitted with a filtei plate, so 
that when full the mother liquor may be drawn off, and the crystals 
washed They may then be dried, first by passing dry steam 
and then air through them Or, as in the separation of salt 
from electrolytic caustic soda solution, the salt, after being 
washed, is dissolved in hot water and pumped or forced out. 

NOTES ON SINGLE EFFECT EVAPORATORS 

As already shown, to maintain a low temperature, the evapora- 
tion of liquids liable to injury by heat is conducted at the highest 
available vacuum Since only the last effect of a multiple evap- 
orator system can be under the highest vacuum and therefore at 
the lowest temperature, this type of apparatus does not lend itself 
to the concentration of liquids injured by heat except when the 
same are very dilute ^ for example, solutions of sugar, glue, tannin, 
etc Injury due to burning occasioned by localized lack of 
circulation with resultant overheating is decreased by using a 
lower steam pressure and a correspondingly larger heating surface 
Obviously where the material in solution is sensitive to heat it is 
desirable to hold it at the temperature of the evaporator as short 
a time as possible Since a film type of evaporator contains the 
minimum of liquid at any given tune it is from this point of view 
particularly desirable. Unfortimately, however, in an apparatus 
of this type intermittent wetting and drying of the heating 
surface is very likely to take place and m the case of glue or 
similar substances an adherent insulating film forms on the 
heating element when dry which does not readily re-dissolve 
when again wet The vertical tube type, however, is much 
less subject to this drawback and should find here a promising 
field for development. 

Another advantage of film-type effects for handling liquids 
injured by heat is the absence of any boiling point raising due to 
hydrostatic head. With submerged heating surface, the liquid 
at the bottom of the pan is under a pressure greater than that at 
the disengaging surface above, by an amount equal to the liquid 
head m the effect, which may be several feet. At high pressures, 
this additional head is negligible, but at very low pressures the 



EVAPORATION 


417 


increase will cause a marked rise m temperature at the bottom 
of the pan It is true that the liquid at the bottom of such an 
effect often does not boil, but is none the less raised in temperature 
and IS then brought by convection up to the surface where, being 
super-heated, it flashes partially into vapor, while the residual 
liquid, cooled by this evaporation, then returns to the bottom of 
the effect to repeat the cycle Thus in any case, hydrostatic head 
produces an increase in the average temperature of the boiling 
liquid (marked when operating under high vacuum) which can 
be avoided by film evaporation. 

In the refining of sugar it is essential to regulate the number of 
crystallization centers formed and the rate of growth of the 
resultant grains, by controlling (1) the concentration of the 
solution, (2) its temperature, (3) the rate at which it is brought 
to any definite temperature and pressure, (4) the rate of cooling 
and (5) the extent of cooling to which it is finally subjected. 
The first three of these factors are detei mined entirely, and the 
last two to a certain degree, by careful manipulation of both heat 
supply and vacuum in the evaporator. For this purpose a single 
effect must be used, as the reaction of one effect upon the operation 
of another in series with it would render close control impossible. 

Single effects are used, as already indicated, m small installa- 
tions, where the amount of evaporation to be done is insufficient 
to justify the cost of mstallmg and operating a multiple effect 
system. (See pp 405 to 406 ) Single effects are also used m 
many cases where it is desired to recover the solvent employed, 
but where othei wise an open pan could as easily be used. 

It is desirable to bring together, even with danger of reitera- 
tion, the more essential details for which it is necessary to provide 
m order to secure satisfactory operation of evaporators. These 
lequirements must be met in every effect, whether operated 
separately or m series with others, the modifications of these 
directions necessary in series operation will be pointed out m the 
discussion of multiple effects. 

Steam Supply. — The steam feed of an effect should be through 
pipes large enough to insure no appreciable reduction in pressure 
caused by friction in the supply lines and valves (a point of great 
importance when using low-pressure steam), and should be drawn 
from an adequate source to insure the maintenance of full pres- 
sure in the steam chest at all times. Where the original supply 



418 


PRINCIPLES OF CHEMICAL ENGINEERING 


is from a boiler or other source m which the pressure is too high 
for the safety of the appaiatus, it is imperative that the supply line 
be equipped with a pioper automatic reducing valve, to piotect the 
effect and yet to insure, at all times, full working pressure on it. 
In this last case, a safety valve should also be piovided. 

Removal of Condensed Steam. — Provision for this is of utmost 
importance The heating tubes must not be too long (preferably 
not over 70 diameters for hoiizontal tubes) as otherwise the 
down-stream end may fill with condensed steam, rendering that 
portion of the heating surface useless A maximum value is 
150 diameters Where possible, the tubes should slope in the 
diiection of flow of the steam in ordei to effectively sweep out the 
condensate The condensed steam chest must be equipped with 
an effective trap to remove condensate as soon as accumulated, 
without allowing escape of steam The removal of the non- 
condensable gases always present in the steam is of great impor- 
tance, as otherwise these gases will accumulate and entn ely prevent 
the entrance of the steam This removal is effected by bleeding 
off a part of the steam from the highest point m the condensed 
steam chest, to the vapor space of the same effect oi directly to 
the condenser. The ideal system involves a relatively high 
steam velocity through the heating surface, sweeping the gases 
immediately into the condensed steam chest, from which they 
are removed 

A gauge glass should be provided to detect inadequate removal 
of condensed steam from the steam chest The presence of non- 
condensable gases is detected by the discrepancy between the 
temperature in the steam chest and the pressure existing there. 

Entrainment in an effect is indicated by the presence of solute 
in the condensed vapor. Frothing is detected by inspection 
through sight glasses m the side of the effect, or by watching gauge 
glasses connected at various heights m the side of the pan and 
leading thence to any point of low pressure, such as the condenser, 
or a succeeding effect. By the use of electrical contacts in a gauge 
glass, or at definite heights in the disengaging space of the effect, 
an alarm may be given in the case of solutions of electrolytes. 
Frothing is reduced by lowering the liquid level in the effect, 
or by reducing the evaporative rate. 

Liquor Feed and Removal. — By proper control of the feed, 
a single effect may be operated either intermittently or continu- 
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ously The body of the effect is filled to the proper height with 
dilute liquor, and as concentration proceeds the level is maintained 
by admitting more dilute liquor at the proper rate, until ultimately 
the required concentration is realized, then the effect is emptied, 
and the cycle repeated Or, instead of emptying the effect when 
the desired concentration is attained, the concentrated liquor 
may be drawn off at a definite, constant rate, determined by the 
evaporative capacity of the effect, the liquor level being main- 
tained uniform by the continued admission of dilute liquor, thus 
securing continuity of operation Discontinuous operation re- 
quires constant attention to control the changing rate of evapora- 
tion consequent upon decreasing temperature drop (and hence 
decreasing heat flow) through the heating surface caused by the 
constantly rising boiling point of the solution, and to provide for 
emptying and refilling the effect. Hence, continuous operation 
IS generally used This involves the disadvantage that the entire 
evaporation is carried out at the high boiling point of the con- 
centrated solution, the average boiling point raising of discon- 
tinuous evaporation being much lower In multiple effect opera- 
tion, on the othei hand, this disadvantage largely disappears, as 
will develop later 

The liquor feed of an effect is controlled by a valve operated 
either by hand or automatically (as with a float valve) so as to keep 
the amount of boiling liquid in the effect at the proper level Film 
type effects usually require delivery of the feed at special points, 
as indicated m their description, but in the case of submerged 
heating surface, the liquor may be admitted anywhere, as boiling 
keeps the contents of the effect thoroughly mixed. The con- 
centrated liquor IS removed at a point some distance from the 
inlet, to prevent short-circuiting of the dilute feed-liquor to the 
outlet pipe, and its flow is controlled by a throttle valve, operated 
to maintain the proper concentration of the effluent, usually 
determined by its gravity. The feed to effects under pressure and 
the discharge from those under vacuum must be by means of 
suitable pumps. The operator observes the amount of liquor in 
the effect through sight or gauge glasses 

Vapor Removal. — The vapor is removed by a condenser, which, 
if operating under a vacuum, is fitted with an air pump These 
two pieces of apparatus are of the types used m steam engineering 
practice, and their operation involves nothing unfamiliar. Jet 
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condensers are used in a larger proportion of the cases in chemical 
practice than in steam engineering, owing to less trouble from 
corrosion The air pumps must be adequate for removal of all 
inert, non-condensable gases present Barometric jet condensers 
are used in many cases where corrosive gases enter with the steam 
While this type avoids corrosion of pump parts, its height hmits 
its use where space considerations are involved. 

CHAIIACTERISTICS OF MULTIPLE EFFECT SYSTEMS 

It may at first thought seem that the maintenance of the 
proper conditions of temperature and pressure m each of the 
various bodies of a multiple effect system is a difficult and com- 
plicated problem, but since the adjustment of conditions between 
the pans is entirely automatic, such is not the case. When a 
number of effects are to be operated in series, the vapor from 
the first discharges into the steam coils of the second, the vapor 
from the second passes into the steam coils of the third, and so on, 
the vapor from the last effect passes directly to the condenser. In 
such a system the liquor feed and discharge of each body may be 
entirely separate, as though each were a single effect, however, 
this IS seldom done. 

Parallel Flow of Liquor and Steam. — It is advisable, however, 
to feed the dilute liquor to the first high-pressure effect, carrying 
on only a part of the concentration there, feeding the second 
effect from the first, the third from the second, and so on, finally 
withdrawing the concentrated product from the last effect There 
are two reasons for this First, only two liquor pumps are 
required, the feed pump to the first effect (if it be under pressure), 
and the discharge pump from the last, since as each is at a pressure 
lower than the preceding one, the liquor will flow directly from 
effect to effect Second, since all effects before the last contain 
liquor which is but partly concentrated, the b p r in these effects 
is correspondingly lower, thus giving a larger temperature drop 
through the heating surface of the effect, and hence a higher 
evaporative capacity 

When evaporation is carried on to high concentrations this 
factor becomes important Since the amount of water evaporated 
in each effect is often nearly the same, the concentration and 
hence the value of the b p.r is not large until the last effects are 
reached (See Counter-flow, page 424 ) 
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Removal of Air. — The air or other non-condensable gases may 
be withdrawn from the system in either of two wayS; — first, the 
condensed steam chest of each effect may be connected diiect to 
the condenser, or second, the steam chest of each effect may be 
connected to the vapor space of the same effect Since the 
presence of non-condensable gas in the steam chest of succeeding 
effects cuts down the rate of heat transmission (pp 154 to 157), 
this second method is advisable only when the percentage of such 
gas IS very small If the volume of non-condensable gas be laige, 
it is advisable to withdraw it while under the relatively high 
pressure of each condensed steam chest rather than expend the 
necessarily increased power incident to withdrawing it by the 
vacuum pump in the rarefied condition which exists m the con- 
denser. 

Heat Recovery from Condensate. — The water leaving the 
condensed steam chest m a single effect evaporator, or in the 
first effect of a multiple system, is generally returned to the 
boiler and its heat content thus utilized. The condensed steam 
from the other effects of a multiple system is frequently contam- 
inated through entrainment and requires special installation for 
the recovery of the heat contained therein Because of the 
excellent coefficient of heat transfer from condensing steam to 
boiling liquid, it is more economical to lead the hot condensate 
from the chest of one effect into the heating coil of the next 
effect in series Here, because of the lower pressure, some of this 
water flashes into steam at the same temperature as the condensing 
steam m this coil The temperature of the condensed water m 
the last effect is too low to make recovery easy and it is therefore 
discharged through the wet air pump or through the down-take 
pipe of a barometric condenser. 

Startmg Up. — To place a multiple effect evaporator in opera- 
tion quickly and without loss of liquor from boiling over calls 
for careful and accurate manipulation Liquor levels must at 
first be kept very low, and after the vacuum pump is started, 
water is admitted to the condenser The first effect should be 
filled, followed by admission of steam to the steam chest Feed 
liquor should be passed on to the following bodies only after it 
has been heated to the working temperature obtainmg there As 
soon as the liquor in the last effect has reached the desired con- 
centration, it IS allowed to discharge as rapidly as possible without 
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fall in concentration, and the system now proceeds m smooth and 
continuous operation 

Such a system will soon adjust itself to a definite tempeia- 
ture and pressure in each effect The vapor evolved m the first 
must condense in the coils of the second, where, in turn, it causes 
the evaporation of a corresponding amount of liquid If this 
condensation in the coils of the second does not take place, the 
steam accumulates, and, backing up, raises the pressure m the 
first effect, stopping evaporation there On the other hand, con- 
densation in the coils of the second effect cannot occur without 
the dissipation of the corresponding heat, and there is no means 
of absorbing this heat except by evaporating from the boiling 
liquid in the second effect an approximately equal amount of 
steam. This interrelation holds for all effects throughout the 
system, and inteiference with, or acceleration of, evaporation 
at any point has its inevitable reaction upon the conditions at 
every other point The heat flowing past each section of the 
apparatus equals that passing every other section, a condition 
maintained by self-adjustment of the temperature drops through 
the various heating surfaces and entirely automatic on the part 
of the system itself 

Probably, the first sign of trouble which the operator observes 
will be a reduction in evaporative capacity, z.e., it will be found 
necessary to reduce the rate of discharge of concentrated liquor 
from the last effect in order to maintain its strength. This 
undesirable result, however, develops only as a consequence of 
far-reaching changes m the operating conditions throughout the 
whole system. This will be made clearer by consideration of the 
results following specific modification of the operating conditions 
m a multiple effect system 

Effect of Inadequate Condenser Capacity. — Assume, for 
example, that, in a system operating normally under given 
terminal conditions, the temperature of the condenser water 
rises The resulting higher temperature of condensation produces 
immediately a rise in pressure in the last effect, followed by rise in 
temperature of the boiling liquid. This cuts down the tempera- 
ture drop through the heating surface m that effect, thus reducing 
the heat transferred and the steam condensed m the coils. This 
causes rise of pressure in these coils, backing up the pressure m 
the effect before the last, and so on back through the whole 
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system, resulting ultimately m reducing the temperature drop 
through the heating surface in each effect, hence the evaporation 
m each is reduced proportionally, with a corresponding decrease 
in the evaporative capacity of the entire system 

Effect of Increase in Air Leakage, etc. — Again, assume that 
the operator finds the evaporative capacity of his equipment 
reduced, but that, in this instance, the cause is either an air leak 
into the steam chest of an effect in the middle of the system, or the 
fouling or cutting out of part of the heating surface of the same 
effect In either case, in that particular effect both the coefficient 
of heat transfer and the heat current decrease Since no effect 
can continue to receive a heat cm rent greater than it can dissi- 
pate, the heat current decreases in all effects As a result the 
temperature increases in the effect in question, and decreases in 
all others Hence the temperature of boiling rises m the piecedmg 
effects and falls in the succeeding ones This ledistribution of 
the magnitudes of the temperature drop through the heating 
surfaces of the various effects, developing a high temperature 
difference m the body in which the coeff^icient of heat transfer is 
decreased, and abnormally low values in the others, enables the 
operator to determine the cause and location of the trouble 
An air leak may be distinguished from deficient or defective heat- 
ing surface by the discrepancy between temperature and pressure 
in the steam chest. A marked air leak beneath the surface of the 
boiling liquid will develop the above phenomenon in the next 
succeeding effect, and m addition cause the temperature corrected 
for b p r of the boihng liquid ^ into which it was escaping to be 
lower than would correspond to the pressuipe above it 

Effect of Steam Leakage. — Three sources of steam leakage are 
encountered The first is from the steam chest of an effect into 
the boiling liquid in that effect, usually through packing at the 
ends of tubes or through pin-holes caused by corrosion. The 
second is caused by the bleeding of an excessive amount of steam 
out of the chest to remove permanent gases The third is a direct 
flow of steam from the chest of one effect to that of the next due 
to imperfect traps in the condensed steam line The leakage of 
steam in any of these ways from the chest of an effect results 
in a relatively low evaporation in that effect. 

Modification m operating conditions at any point thus reacts 
upon and changes the conditions at every other point, but 
1 The thermometer should be immersed in the boilmg liquid 
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fortunately, as indicated above, analysis of the changes enables 
the operator to locate and remedy the trouble 

Counter-flow of Liquor and Steam.— Occasionally one en- 
counters solutions in the evaporation of which it is desirable to 
modify the above outline of multiple operation Since the vis- 
cosity of a solution is greatest when cold and concentrated, 
the coefficient of heat transfer is lowest ^ m the last effect of a mul- 
tiple system operated with parallel flow of hquor and steam 
Where the product is very concentrated, the coefficient in the 
last effect may be only 10 per cent, or even less, of that in 
the first effect Obviously, then, a higher coefficient will be 
obtained by evaporating the most concentrated solution at the 
highest temperature, le , m the first, rather than the last effect 
In such cases, it may prove worth while to admit the dilute feed 
liquor into the second effect in the series, allow it to flow thence 
through to the last, and from there pump it to the first effect 
for the final concentration The necessity for such changes is, 
however, not very frequent 

Choice of Terminal Conditions. — It will be recalled that the 
evaporative capacity of a multiple system is determined by the 
amount of heat which can be supplied to the boiling liqmd and 
that this m turn is approximately proportional^ to the tem- 
perature difference between the steam supply and the boiling 
liquid The lowest temperature at which the liquid can boil 
depends on the vacuum in the condenser which in turn is limited 
by the temperature of the cooling water The highest allowable 
temperature is fixed by that pressure of steam supply which the 
mechanical strength of the apparatus will stand, or by the possible 
injurious effect which heat may have upon the material to be 
evaporated However, the advantages which accrue to high- 
pressure steam through decrease in the area of the heating surface 
should be balanced against the resultant decrease in steam 
economy (p 438) 

Determiaation of Number of Effects. {Economic Balance) — 
The choice of the number of effects to be used in series in an 
evaporation system becomes an economic balance of cost of heat 

1 See p. 394 

2 Since the coefficient of heat transfer increases with the temperature and 
the temperature difference (p 394), an effect where a 25° difference is main- 
tained will have more than two and one-half times the evaporative capacity 
where a 10° F drop is used 
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against fixed charges. If a single effect will handle a certain 
amount of evaporation, the addition m senes of inoie effects 
duplicating the first does not gieatly modify the evaporative 
capacity but does cut down the fuel cost Although the size 
of the condenser can be reduced, the cost of the auxiliary equip- 
ment IS not greatly changed, the air pump can be made smaller 
but not in proportion, because of the greater ratio of dead gas to 
steam Liquor pumps remain unchanged. The cost of the ef- 
fects themselves increases in direct proportion to their number 
Therefore, the increase in total cost, and hence in fixed charges, 
is a little less than proportional to the number of effects A 
point IS soon leached beyond which the addition of further effects 
will increase fixed charges and maintenance to more than balance 
the decrease in cost of heat. This point varies with changing 
ratios of cost of capital, repairs, and the like, to fuel, under Ameri- 
can conditions more than five effects in series are seldom justified, 
triple and quadruple effects are more frequently met. 

As an example of how the most economical number of effects 
may be calculated, consider the following pioblem 

Illustration 1 . — It is desired to concentrate 400,000 lbs per day of liquor 
containing 10 per cent caustic soda to a 35 per cent solution A suitable type 
of single effect salting-oub evaporator of sufficient capacity costs $6400 
exclusive of pumps, condenser, ^ and other accessories common to any number 
of effects With fixed charges, amortization and interest amounting to 
45 per cent per year, the steam at $ 40 per thousand lbs what number of 
effects should be used to secure maximum economy? Assume 85n lb of 
water evaporated per pound of steam, where n = number of effects, 300 
operating days per year, and labor the same for any number of effects 

Solution. Bam — One operating day 



1 The condenser must be larger for one effect than for three, as in the latter 
case about two-thirds of the water evaporated is condensed m the heating 
surface of the last two effects In order to simplify this illustration, the 
variation in the cost of condenser has been neglected as well as the variation 
m the amount of cooling water. 
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Fixed charges = 


(0 45) (6,400) in) 
(300) 


= $9 60 n 



One 

Two 

Three 

Four 

Five 


Effect 

Effects 

Effects 

Effects 

Effects 

Fixed charges 

S 9 60 

$19 20 

$28 80 

$38 40 

$48 00 

Steam 

134 40 

67 20 

44 80 

33 60 

26 88 

Total 

S144 00 

$86 40 

$73 60 

$72 00 

$74 88 


While these calculations show that the total cost is a minimum for four 
effects, the total cost for three is so little more that in order to reduce the 
investment three w^ould be installed Note that the saving when using three 
effects instead of one is over seventy dollars per day While the optimum 
number of effects vanes with the ratio of the cost of steam to the charges on 
the apparatus, it varies only as the square root of this ratio ^ 


Where fluctuation in the rate of evaporation demanded is 
likely to arise, it is good engineering to install a multiple effect 
system with a capacity sufficient for approximately the average 
load, but with the effects so connected that they can readily be 
thrown into paiallel for the peak load In this way the normal 
load IS carried with good steam economy, and yet the maximum 
demand for evaporative capacity is met without the installation 
of additional equipment, with the consequent fixed charges. It 
is true that the peak load is carried with poor steam economy 
but if this load occurs only occasionally, the sacrifice is justifiable 
This parallels the practice of the power engineer who designs his 
steam engine for the normal load, and carries the peak as an over- 
load, though at a poor fuel economy. The auxiliary equipment, 
pumps, condensers, and the like, must be adequate foi the maxi- 
mum demand. If the increase beyond the capacity of the mul- 
tiple system be not too great, the effects may be used partly in 
senes and partly in. parallel, with less of a decrease in steam 
economy. By providing for such connections and manipulation, 

^ Since the equation of the total cost curve for this case is 

Total daily cost =9 %nA—~~ 
n 


the minimum point will occur where the tangent of the curve has a slope of 
zero Hence, one may differentiate the total cost with respect to the number 
of effects and equate to zero, giving 

Cost of steam 
Charges on app 


/l34 2 

\ 9 6 


=3 75 
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considerable flexibility m the operating control of the capacity 
and heat economy of an evaporative system is possible 

Evaporators are generally operated with the exhaust steam 
from non-condensing engines In plants having only small power 
equipment this arrangement is undoubtedly good^ since cheap, 
yet efficient, reciprocating units are the best to be had In large 
power plants, however, especially where turbines aie available 
for the low-pressure stages of the expansion, the steam can be 
used to as good advantage m the turbine as m a multiple effect 
system, while the independence resulting from entire separation 
of the power and evaporator units insures better control of each 
If the construction of the evaporator bodies or the character of 
the liquor is such that full pressure boiler steam cannot be used 
in the effects, then it is imperative that the steam be expanded 
down to the safe working pressure for the first effect by passing 
through a suitable engine, so as to recover the corresponding 
powei which would otherwise be wasted The best plan, when 
possible, is to keep the power and evaporator houses entirely 
separate. / 

^^^^CULATIONS FOR EVAPORATOR DESIGN 

General Assumptions. — Two important physical propeities 
of a solution affecting evaporator design are, first, the boiling 
point of the sohitioiL ^s compare d^3vith-4hat-4^-^the. ^pure so lvent 
and second, the heat o f evapco;:atmn of the solvent fronTTEe 
solution. In the design of continuous evaporators for the con- 
centration of relatively dilute solutions (up ^to perha ps--2Q per 
cent), or for the concentration of stronger solutions under condi- 
tions such that the total pressure variations are small fnot over 
2 or 3 fold ), the three following assumptions may be made 
first, b.p.r . of a solution of definite concentration is inde- 
pendent of its temperature and pressur e: second, that the heat 
consumed in the evaporation of a unit weight of solvent from 
the solution is the same a^he^heM i)f Jivaporatiq^ thqjiure 
solvent when voIitiEzed at the temperat ure of the bq ihng.^olution^ 
and third, that the heat capacity of a solution is equal to that of 
the solvent in it (see Thomsen’s ^ Tables. Thus the specific 
heat of a 10 per cent solution would be 0 9 

Thomsen, ^'Thermochemistry/' pp 161 to 164 Longmans, Greei] 
& Co , London (1908) 
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Due to Solute— Raoult’s law states that the vapor 
Assure of a solution divided by the vapor pressure of the pure 
solvent at the same temperature is equal to the mol fraction of the 
solvent in the solution Because the molal composition of a 
solution does not change with the temperature, a corollary of 
this statement is that the vapor pressure of a solution divided by 
that of the solvent at the same temperature (normally spoken of 
as relative vapor pressure, r v p.) is the same at all temperatures 
The major premise of Raoult’s law, that the r v p is equal to the 
mol fraction of the solvent, holds only in dilute solutions, further- 
more, for electrolytes it must be corrected for the degree of dissocia- 
tion of the solute Its use in connection with the normal problems 
of evaporator design is therefore inadmissible On the other 
hand, the corollary that the rvp of a given solution is inde- 
pendent of the temperature, holds for relatively strong solutions 
(perhaps up to 20 per cent) and is a valuable aid in calculation. 
As dissociation changes but slightly with the temperature, the 
r.v p IS practically unaffected by dissociation of thq solute 

The assumption that the b.p.r of a solution is independent 
of the pressure and temperature is only an approximation, even 
when that solution follows Raoult’s law. v 

Assume, for example, a solution boiling at 180° C under a pressure of 
4651 mm Smce water at this pressure boils at 160° C , the b p r is 20° C 
At 180° C the vapor pressure of water is 7546 mm , and hence the relative 
vapor pressure of the solution at 180° C is 4651/7546 = 0 616 Accordmg 
to Raoult’s law this value should remain unchanged at other temperatures 
Assume that the pressure on the solution be reduced so that it boils at 70° C , 
where the vapor pressure of water is 233 8 mm , the vapor pressure of this 
solution IS, therefore, 0 616X233 8, or 1441 This corresponds, however, 
to a temperature of 59 3° C , ^ e , the b p r is only 10 7° C as compared with 
20° C at the higher temperature In other words, solutions having a con- 
stant value of r V p have b p r larger at high temperatures than at low 
For example, at 100° C the above solution has a b p r of 14J^ C 

For concentrated solutions and for calculations involving wide 
variations m temperature and pressure, the vapor pressure of the 
solution as a function of concentration and temperature must be 
definitely known. In the case of the more unportant solutions 
it IS usually possible to secure the necessary data from the litera- 
ture In the absence of such definite information experimental 
determination must be made. 
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B.P R. Due to Hydrostatic Head — When the heating surface 
m an evaporator is below the surface of the liquid, the liquid in 
contact therewith has a higher boiling point than at the surface 
of the liquid This can be readily calculated for any particular 
head While not strictly accuiate, it is a satisfactory approxi- 
mation to assume for purposes of calculating heat transfer, the 
average temperature of the boiling liquid to be that at the point 
midway between top and bottom of the boiling mass. 

Disadvantage of B.P.R — As previously indicated, the total 
evaporative capacity of a multiple system is directly proportional 
to total available temperature difference, namely, the difference 
between the temperatures of the" steam condensing in the coils of 
the first effect and the boiling temperature in the last effect, 
minus the total b p r in all effects Since, for a given capacity, 
the total heating surface required is an inverse function of the 
available temperature drop, the disadvantage of b p r. is obvious 

Estimation of Vapor Pressure. {Duhnn^'s Rule) — Since the 
properties of a solution are a function of two independent varia- 
bles — concentration and temperature — the estimation of vapor 
pressures would be difficult and tedious in the absence of simpli- 
fying relationships Such fortunately exist The vapor pressure 
of all materials rises rapidly with the temperature whether the 
material be a pure sohd or liquid substance, a solution of definite 
constant concentration or a mixture of volatile components. The 
curvature is very high and a large number of points must be 
determined to make it possible to draw a satisfactory curve 
through them On the other hand, these curves are all similar 
in shape and this similarity is the basis of the following relation- 
ship, stated by Duhnng'^ in 1878 It is an experimentally 
determined fact that, if m plotting a vapor pressure curve of any 
material, instead of plotting the pressures as ordinates against 
the temperature as abscissas, one plots as ordinates the tempera- 
ture at which some suitable standard liquid, such as water, 
exerts the same pressure, the experimental points fall very nearly 
upon a straight line The standard liquid chosen should, if 
possible, be chemically similar to the hquid the vapor-pressure 
curve of which is being studied. For example, organic hydroxide 
compounds are best plotted against water, iodine should be plotted 

1 '' Neue Grundgesetze zur Nationelle Physik und Chemie,” Erste Folge, 
Leipzig, 1878 
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against mercury, since both are monatomic m the vapoi state 
Hydrocarbons should be plotted against some standaid hydro- 
carbon, etc It IS necessary that the vapoi pressure curve of the 
standard substance chosen be accurately known over a piessure 
range fully covering the limits desired It is impoitant, as will 
develop later, that the heat of vapoi ization of the standard 
liquid should be known as a function of temperature For convem- 
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Fig 98 — Duhrmg’s Rule Applied to Vapor-Pressures of Aniline 


ence it is desirable that interpolation tables which give the 
pressure for small temperature intervals be available. For most 
purposes, water is a satisfactory standard. 

It will be clear from the preceding that, since the vapor pres- 
sure of a substance plotted m this way gives a straight line, two 
points in the vapor-pressure curve are theoretically sufficient to 
determine the line. While rfc is desirable to have more points, in 
order to guarantee accuracy, a large number is not essential. 
This mean^hat from a small number of determinations of the 
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vapor pressure of any material of constant composition, the vapor- 
pressure curve of that material can be constiucted with satisfac- 
tory accuracy 

To show the applicability of this method, a vapor-pressure 
curve for aniline is given in Fig 98 The straight line represents 
temperatures of aniline (abscissas) plotted against temperatures 
at which water has the S8.me vapor pressure The solid curve 
is the vapor-pressure plot derived from the straight line. The 


upper Curve 
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Fig 99 — Boiling Points of Caustic Solutions 


dotted curve shows experimental values ^ This indicates the ac- 
curacy of the method 

If it IS possible to find in the literature the vapor-pressures of a 
given solution at two different temperatures, it is theoretically 
possible to construct its vapor-pressure curve for any temperature 
range Further data serve as checks. For example, the vapor- 
pressure curve of caustic soda solutions has been determined at 
0° C , by Diettenci,^ at 100 C., by Tamman,^ and the boiling 
points of these solutions are also known (Fig. 99) 

1 “ Landolt-Bornstem Tables 2 
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This gives, therefore, three points on the vapor-pressure curve 
of any caustic solution From these data Fig. 100 has been con- 
structed On this plot the pressure itself has not been indicated 
because over the extremely wide temperature range employed, 
the variation in pressure is excessive and would not be satisfac- 
torily represented diagrammatically. According to Duhring’s 
rule each of these curves should be a straight line Note that the 
curves lie quite close together below 25 per cent but at high con- 
centrations the vapor pressure differences are very great 
Further illustrations of the use of Duhrmg’s rule are given in 
recent literature ^ 



Fig 100 — Duhrmg’s Rule Applied to Vapor-Pressures of Caustic Solutions. 

Estimation of Heat of Vaporization. — The second most im- 
portant datum which it is necessary to have with regard to a 
liquid IS its heat of vaporization This is connected with the vapor 
pressure curve by the Clausius equation. 

From these “ temperature versus temperature plots ” derived 
from vapor-pressure data, it is also possible to secure an accurate 
estimate of the heat of vaporization, as follows: 

Write the Clausius equation (in its approximate form) both 

1 E M Baker and V H Waite, Chem Met Eng , vol 25, No 25 
(Dec. 21, 1921), and B F. Dodge, J, Ind Eng Chem ^ vol 14, No 6, p 569 
(June, 1922) 
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for the liquid or solution in question and for the standard liquid 
with which it IS being compared, t.e., 

^ Qv, 

pdT Rn RT^^’ 


wherein p, T, Q = vapor pressure, absolute temperature, molal heat of 
vaporization, of the liquid or solution in question, 
Pw; Tw, vapor pressure, absolute temperature, molal heat of 
vaporization, of the standard liquid used for com- 
parison 


Duhring has shown that if be taken to equal p, beconaes 
a straight line function of T Since, if = dpw^dpj there 
results the relationship 




ie,j from the slope (dTw/dT) of the ^^temperature versus tem- 
perature plot described above, and the known value of the heat 
of vaporization of the standaid liquid, one can calculate the 
unknown heat of vaporization of the liquid under consideration 

For example, the heat of vaporization of aniline at 100° C is found as 
follows As shown by Fig 98, the temperature (tw) at which the standard 
liquid (water) has the same pressure as amlme at 100° C is 36° C , so 

=273+36 -309, and r-373 


Fig 98, p 430, shows that dTw/dT =0 757 From the steam tables, 
the heat of vaporization of water at 36° C = 1,038 B t u per lb , so 
Qs = aS) (1,038) Then 


(18) (1,038) (373)^ (0 757) 
( 309)2 


=20,500 B t u per lb 


mol of aniline, 


or 20,500/93 =221 B t u /lb anihne 


The solution of a few practical problems will illustrate these 
principles 


Illustration 2. — Assume a single vacuum pan of the submerged tube type, 
operatmg continuously and provided with a condenser capable of giving a 
vacuum of 26 in of mercury (Bar 29 91 in ) The heating coils have an over- 
all coefficient (H) of heat how of 100 B t u per hr per ° F per sq ft , and use 
exhaust steam at 6 in vacuum. What is the heating surface required per 
100 lbs of entering hquor per hour to concentrate 2 per cent NaOH, entermg 
at 65° F , to a 25 per cent solution? 
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Solution.— It IS first necessary to calculate the terminal temperatures of 
the system The temperature in the steam chest will correspond to the 
6-m vacuum maintained (200 8° F) Since the liquor must leave the 
effect at a concentration of 25 per cent the boiling hquor within the effect 
must be at this concentration The temperature within the effect will equal 
that corresponding to a 26-in vacuum (124 2° F ) plus the b p r of a solution 
of 33 1 parts NaOH m 100 parts water This latter i is 11 5° C , or 20 7° F 
as determined from Fig 100, page 432 By the assumption that the b p r 
is the same at all temperatures, one finds that the temperature main- 
tained within the effect is 124 2° F +20 7° = 144 9° F By assumption that 
the heat necessary to vaporize water from a solution equals the heat of vapori- 
zation of the water alone, at the boihng temperature of the solution, one 
finds from the steam tables that 1010 B t u is the heat of vaporization at 
144 9° F In each 100 lbs of hquor entering there are 98 lbs of water and 
two pounds of NaOH As the amount of NaOH is unchanged in passing 
through the system, it is taken as the basis of calculation, 6 lbs of water leave 
with each 2 lbs NaOH (25 per cent solution) or 92 lbs of water are evaporated 
per 100 lbs of entering hquor, so the heat to vaporize the water equals 
92X1010 B t u By the assumption that the specific heat of a solution equals 
that of the water alone, to heat 100 lbs entering 2 per cent liquor 
100 (114 9-65) (0 98) Btu are necessary The area of heating coils (A) 
can now be determined by the use of Newton’s law (p 386) 

-=[100 (144 9-65) (0 98) +92 (1010)] = 1004 (2008-144 9) 

6 

Whence, A = IS 0 sq ft per 100 lbs of feed liquor per hour 

Illustratioii 3 — In the previous problem, what would be the heating sur- 
face required, if the depth of the boilmg liquid m the effect be four feet? (Sp 
Gr =13) 

Solution — The absolute pressure above the boilmg liquid is 

(29 91—26) (14 7)/(29 9) = 1 92 lbs per sq m , and 

the average pressure due to the hydrostatic head = (2) (1 3) (62 4)/(144) == 
1 13 lbs per sq in , so the average total pressure = 1 92+1 13=3 05 lbs per 
sq in , w^hich corresponds to a temperature of 142 6° F To this must be 
added the bpr of 20 7, giving the operating temperature of 163 3° F As 
the steam leaves the surface of the liquid, where the pressure corresponding 
to the vacuum is maintained, the heat of vaporization wall be the same as in 
the previous problem, or 

^ = [(100) (163 3 -65) (0 98)+92 (1010)] = 1004 (2008-163 3), 

6 

whence, A =27 3 sq ft , an increase of over 50 per cent 

1 B p r due to hydrostatic head is neglected here, but see problem 
following. 
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p^tJATIONS FOR MULTIPLE EFFECT EVAPORATION (CONTINUOUS 
AND PARALLEL FLOW OF STEAM AND LIQUOR) 

The following symbols wiU be used in the formulation of heat 
balances for multiple effect evaporation 

c= Parts solute per part solvent by weight, 

W = Weight of solvent in the liquor pei unit of time, 
i = Temperature of solution, 

T = Temperature of steam m heating coils, 

^ r=Heat of evaporation of unit weight of solvent from either solution, or 
pure solvent, 

5 = Specific heat of solution, 

A =Area of heating surface in an effect, 

Overall coefficient of heat transfer through the heating surface, i e , 
from condensing steam to boiling liquor, 

Amount of heat transferred through heahng surface per unit of time 

Subscripts — (0) for material entering the first effect, 

(1) apphes to the first effect, or material leaving it, 

(2) applies to the second effect, or material leaving it, etc 

(a) before the symbol mdicates that it applies to the condition within the 
heating coil, 

(5) refers to the boiling solution 

Thus Wo IS the weight of solvent entering the first effect per unit time, 
and Co is its concentration The temperature of the steam in the coils of 
the second effect is T 2 , while the boiling solution is at ^2 The heat of con^ 
densation of this steam m the coils is ( 0 ^ 2 ) while the heat of vaporization of 
the solution is (br 2 ) 

If the solute be non-volatile, the amount entering and leaving 
each effect of the series per imit time will be constant Other- 
wise, there would be an accumulation of the solute in some one 
effect. This is expressed mathematically by. 

coWo^ciWi — C2W2j etc 

The solvent evaporated in the first effect is ITo — Tl^i, in the second, 
W1—W2) etc. The heat transmitted through the heating sur- 
face in the first effect must preheat the feed to the boiling tem- 
perature and evaporate the solvent. 

Qi = lTo(l+co) ^o) + (Tl^o““lT'i) (&ri) —HiAi (Ti— ii). 

^ As pointed out on p. 427, in many cases the product (l+c)& is practi- 
cally equal to unity 
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For the sake of illustration, assume that the condensed steam 
IS removed from the system from each steam chest. The steam 
rising from the first effect is superheated, and cools on entering the 
second effect, giving up its superheat, and then condenses, giving 
up its heat of vaporization. Where the superheat, namely the 
b.p r , IS small (10° F. or less) this superheat can be neglected 
without vitiating the calculations, provided one remembers that 
T 2 -h less the bpr in the first effect The heat transmitted 
through the heating surface of the second effect is 

Q2=^(Wq-Wi) [(048) {ti-T2)-h(ar2)]^H2A2 (T 2 -/ 2 ) 

The evaporation in the second effect is greater than corre- 
sponds to this heat supply through the heating surface, as the 
hquoi entering from the fiist effect is superheated with respect 
to the pressure m the second effect, because it is at the boiling 
point corresponding to a higher pressure, namely, that in the 
first effect, and hence gives up a corresponding amount of heat, 
available for evaporation in this second effect This is the so- 
called self-evcLpovation of a multiple effect system, and is expressed 
by the second term in the following equation 

Q2+W1 (1+Ci) (Sl) {h-t 2 ) = {Wi~W 2 ) (,r2) 

ILLUSTRATIVE PROBLEMS IN MULTIPLE EFFECT EVAPORATION 

Instead of using the above equations, one may develop the 
desired equations during the solution of the problem, using as 
tools the equality of input and output of matter and of heat, and 
Newton^s law applied to the transfer of heat through the heating 
surface. 

The following problem shows that where high-pressure steam 
and cold feed liquor are used in multiple effect practice, the 
evaporation per pound of steam is considerably less than the 
number of effects 

Ill-ustration 4 — In a certain four-effect evaporator provided with equal 
heating surface in each effect, 56 5 lbs of water are evaporated from each 
100 lbs, of feed hquor, the b p r being negligible even at the highest concen- 
tration Feed liquor enters at 100° F , the available steam pressure is 52 lbs 
gauge, the jet condenser water is at 100° F , giving a vacuum in the last effect 
of approximately 3 5 m of the barometer, which corresponds to a boihng 
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temperature in the last effect of 120° F Assume that the condensed steam 
from each steam chest is withdrawn immediately from the system 

1 (a) Per 100 lbs of entermg hquor, calculate the pounds of water evap- 
orated in each of the four effects 

(6) What percentage of the total heat entering the first effect produces 
evaporation m that effect'? 

(c) Tabulate the ° F temperature drop in each effect 

(d) Calculate the lbs of water evaporated per lb of steam fed to the 
fiist effect Explain why this figure is much less than 4 in this case 

Note — In order to simplify the calculations, assume the heat of vapori- 
zation of water and heat of condensation of steam as 1000 B t u per lb , 
take specific heat of liquor as unity, and assume no heat losses to the sur- 
roundings Overall coefficients of heat transfer from steam to liquor are 
400, 350, 300 and 200 B t u per hr per ° F per sq ft of heating surface m 
the first, second, third and fourth effects, respectively 

Basis 100 lbs of entering liquor 

Let the lbs of steam arising from the first effect be xi, that from the 
second X2, etc , and the lbs of steam fed to the first effect be S 

(a) Equating the B t u input and output of each effect beginning with the 
first, gives the four equations following, on the basis of 100 lbs of entering 


liquor 

1,0005 = 100(^1-100) 4-l,000a;i, (1) 

l,000a;i4-(100-a;i)(ii -h) = 1,000^2, (2) 

l,000a;2 + (100-a;i-a:2)(^-i3) = l,000a:3, (3) 

I,000x3-j-(100-xi-a:2-x3)(i3--120) =l,000'a;4 (4) 


Calling Q the B t u transferred through the heating surface per 100 lbs. 
of entering hquor, and y the hundred-weights of feed hquor per hour, 

, _ Qy 

m (T-t) 


Since Qi = 1,0005, ^2 = 1,000x1, 63 = 1,000x2, and ^4 = 1,000x3, Ai=A2 = 
As- A 4 ., and Ti=tij Tz — h, Ta — U, one may write Newton^s law as follows 

_ l,0005y — \ — Ij^^OxiT/ 

'“(400) {300 -tiV *^(350) {ti-tif 

'' 

1,000x1?/ 1,000x2^ 

'“(350) “ '“(300) ik-U)’ 

A _ 1,000X3?/ 

'“(300) (<2 -is) “ '“(200) («3-120) ' ‘ ^ ’ 

Also, xi+ai+a;3+a;4=56 5 (8) 


. (5) 
- (6) 
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Solving by trial and error/^^ the following values are found to approxi- 
mately satisfy the above eight equations 


xi = 10 lbs 
X 2 = 12 3 lbs 
1 lbs 
Z 4 = 19 1 lbs 


S = 24. 63 lbs 
ii = 246 3°F =7^2 
4-221 3°F -7^3 
4 = 185 5°F =Ta 


(b) Heat used for vaporization in first effect = 10,000 B t u Heat used 
for warming entering liquor = 14,630 B t u 

Per cent heat furnished used for vaporization in first effect, 


10,000 

24,630 


= 40 7 per cent 


(c) Temperature difference m effects 1, 2, 3, and 4 
7\-4=53 7°F 
T,-4=25°F 
^3-4 =35 8°F 
5^F 


W) 


Xi-i-X2-]-Xz-^X4 

is 


56 5 
24 6 


=2 30 lbs evap /lb steam 


So 10 0 lbs of steam are used directly for evaporation, the other 14 6 lbs 
(59 3 per cent of the total) being stored up in the liquor and used in self- 
evaporation m the lower effects, this storing up of the heat is a disadvantage, 
m that the heat stored is not re-used quantitatively as many times as there 
are effects In a multiple system of any given number of effects, the greater 
the proportion of the heat supply stored in the hquor in the first effect, the 
less will be the total evaporation in all effects per pound of imtial steam In a 
given system operating under fixed terminal conditions, the percentage of 
heat obtained from the imtial steam stored up in the feed liquor will be high 
where the ratio of weight of feed hquor to the evaporation in the first effect is 
high, and where the temperature of the feed is far below the boiling tempera- 
ture in the first effect In the example just given, the steam economy calcu- 
lated is poor (2 30 lbs of evaporation per lb of steam) This is primarily 
due to the large amount of heat stored up in the liquor in the first effect, 
and to a lesser degree due to the fact that the heat in the condensate from 
the various steam chests was not utilized If the condensed steam from 
each chest, instead of being withdrawn from the system as assumed above, 
be passed on to the effect below, the lbs of evaporation per lb of steam 
fed will increase somewhat 

^ One method of accomplishing this is to assume tnal values of the evapora- 
tion and of the temperature in each effect and test the assumed values by 
Newton’s law, Eqs (5), (6) and (7), smce when suitable values are found, these 
tliree equations will check If the correct values of the latent heat are used 
in solving this problem, instead of a value of 1000 B t u per lb. throughout, 
the answers will not change greatly. 
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EQUATIONS FOR THEORETICAL ENERGY REQUIRED IN 
EVAPORATION. 

To separate a solvent from its solution, if po = pressure of tke solvent ar 
the temperature in question, 'p that of the solution, R the gas constant, and 
T the absolute temperature, using as the basis of calculation an amount of 
solution containing one mol of non-volatile solute and N mols of solvent, 
the free energy required {W) is 


W=RT P\rJ^dN. 

JNi. V 


( 1 ) 


The units in which the work-energy involved are expressed depend on the 
units m which R is given Thia expression is exact, barring deviations from 
the gas laws, which are usually small at the pressures at which evaporating 
processes are operated For any given case the equation may be evaluated 
by graphical integration, but to show how small is the real energy requirement 
in evaporation, it is possible to integrate this expression by the assumption 
of Raoult’s law, m the worst case this will give a rough appioximation, but 
m many cases the deviation will be only a few per cent The result is 


W = RTln 




where A^i and N2 represent the mols of solvent associated with one mol of 
solute at the begmnmg and end of the evaporation, respectively 

For the total removal of the solvent from a non-volatile residue with which 
the solvent is completely miscible, ^ e , where no crystallizing of the residue 
occurs nor separation as a distmct phase, e g , when N2 = 0 , this becomes 


W = RTlnNi 


iVi J 


In the evaporation of a saturated solution of the solute, durmg which 
crystallization or separation occurs. 


W=N,RT =N.RT In^ 

N, p, 

where A', = mols solvent per mol of solute in the saturated solution and 
pressure of that solution For the evaporation of a dilute solution to 
saturation, followed by crystallization, this last equation applies only to the 
second stage of the process, the work consumption of the first stage being 
determmed by the general equation given above 
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To illustrate, assume the complete removal of water from a 10 per cent 
glycerine solution at 90° F , ^ e , of 9 times 92 or 828 lbs of water from 
1 lb mol (92 lbs ) of glycerine A^i =828/18 = 46, i? = l 99 

[A7Y' 

W = 1 99 (550) In 46 ~ =5290 B t u 

or 5290—828 = 6 4 B t u per lb of water evaporated 

It IS evident that the more concentrated the solution the greater the 
energy consumption per pound of water evaporated, but even for strong 
solutions this quantity remains small For colloidal solutions, ^ e , those of 
high molecular weight the necessary work is negligible, as is obvious from the 
fact that the pressure of such solutions is practically the same as that of the 
pure solvent For water, the theoretical work of evaporation is zero As 
stated, even for true solutions the value is low 
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HUMIDITY, AHD WET AND DRY BULB THERMOMETRY 

The amount of water vapor present in a gas is spoken of as 
the “ humidity of that gas The design of apparatus of great 
industrial importance for such processes as the drying of solids 
by gases, the drying of saturated gases by hquids, the coohng of 
liquids by their evaporation into gases (cooling towers, spray 
ponds, etc ) , depends upon a clear conception of this quantity, 
and convenient units in which to express it 

The term relative humidity ^ is much used in meteorology 
and means the amount of water vapor which is present in a 
definite volume of air at any temperature expressed as a per- 
centage of the amount which is present m an equal volume of 
air when it is completely saturated at the same temperature ^ 
This unit IS inconvenient for engineering calculations because 
there is present no constant quantity to serve as a basis for 
computation Thus if air be completely saturated by introducing 
water vapor into it at constant temperature, either the volume 
of the mixture, or its total pressure, must increase Furthermore 
if a mixture of air and water vapor be heated at either constant 
pressure or constant volume, the relative humidity will decrease 
rapidly, despite the fact that the composition of the mixture 
expressed by either weight or volume remains unchanged 

DEFINITIONS 

William Grosvenor^ has proposed a system of units which is 
admirable for the purpose of this work and with some modifica- 

1 This IS also spoken of as percentage relative humidity or percentage 
humidity As will appear on page 442, the term percentage humidity is 
used in a different sense throughout this book 

2 Relative humidity is dehned as lOOp/ps, where p is the actual partial 
pressure of the water vapor and p, is the vapor pressure of water at the same 
temperature For example, if a mixture of air and water vapor at 100 F 
has a partial pressure of water vapor of 24 35 mm of mercury, since the 
vapor pressure of water at this temperature is 48 7 mm , the relative humidity 
equals 100 (24 35/48 7), or 50 per cent 

3 Trans Am Inst Chem Eng , vol 1, 1908 
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tions it will be adopted. The basis of all calculations is one part 
by weight of dry air While any unit may be employed, the pound 
will be used here The following definitions will be adhered to 
in this book 

Humidity (H) is the number of pounds of water vapor car- 
ried by one pound of dry air ^ 

Percentage Humidity is the number of pounds of water vapor 
carried by one pound of dry an at a definite temperature, divided 
by the number of pounds of vapor which one pound of diy air 
would carry if it were completely saturated at the same tempera- 
ture. In other words, it is the humidity of air at any tempera- 
ture expressed as per cent of the humidity of saturated air at the 
same temperature It should he noted that this definition of per- 
centage humidity is not the same as per cent relative humidity, and 
the two should not be confused 

Dew Point ^ is the temperature at which a given mixture of 
air and water vapor is saturated with watei vapor In other 
words, it is the tempeiature at which water exeits a vapor 
pressure equal to the partial pressure of the water in the air 

Humid Heat ( 5 ) is the quantity of heat necessary to raise the 
temperature of one pound of dry air plus such water vapor as it 
contains, one degree Fahienheit Humid heat obviously m- 
ci eases with increasing vapor content of the air, and is theiefore 
a function of humidity 

Since over the lange of temperature involved the specific 
heats of dry air and water vapor are substantially constant, 
being 0 238 ^ and 0 48, respectively, the following equation is used 
to calculate the humid heat s = 0 238+0 48 

Humid Volume is the volume m cubic feet of one pound of 
dry air together with the water vapor it contains It is influenced 
by temperature, pressure^ and humidity. 

Saturated Volume is the volume in cubic feet of one pound of 
dry air when it is saturated with water vapor, that is, it is the 
humid volume at saturation, and is determined by the tempera- 

^ This IS sometimes called absolute humidity 

2 Called ^‘dew pomt,'’ because if air be cooled below this temperature 
hquid water begms to separate 

^ See p 454 

In the discussion and calculations following, the total pressure is taken 
as normal barometric, unless otherwise stated 
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ture and pressure It should be noted that the humid volume 
of air equals the product of its saturated volume at its dew point 
and the ratio of the absolute temperature of the air to the abso- 
lute temperature of its dew point 

Wet Bulb Temperature is the dynamic equilibrium temperature 
attained by a surface wetted with water, when exposed to air 
under “ adiabatic conditions Under these conditions the heat 
flowing from the warmer air to the wetted surface is quantitatively 
consumed in vaporizing the water, and hence the temperature of 
the wetted surface is constant 

For unsaturated air the wet bulb temperature will always be 
between that of the air (the dry bulb temperature) and the 
temperature where condensation would begin (the dew point). 
For saturated air, all three temperatures become identical. A 
detailed discussion of wet bulb temperature is given on pp 444 to 
447 


DETERMINATION OF HUMIDITY 

Although the water content of air may be determined by 
chemical methods, in practically all engineering work the humidity 
IS calculated from observations of the “ wet and dry bulb 
temperature of the air The mechanism of the process will be 
considered in detail, not only because of its intrinsic importance, 
but also on account of the light thrown on all the phenomena of 
evaporation of a liquid into a gas. 

Mechanism of Evaporation of a Liquid into a Gas. — If a drop 
of water at a temperature slightly above the dew point be placed 
m an inert gas, for example, air of less than 100 per cent humidity, 
vaporization will take place Inasmuch as the water vapor is 
carried away from the drop by diffusion, the rate of evaporation 
will be proportional to the area of the drop and to the difference 
between the vapor pressure of the drop and the partial pressure 
of water vapor in the surrounding air Calling the surface area 
of the drop A, its temperature ^i, its vapor pressure pi, its 
weight w, the partial pressure of aqueous vapor m the surround- 
ing air Pa, the air being at ta, the evaporation dw per differ- 
ential time do is given by 

dw 
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where k is the diffusion coefficient thiou^jh the fihn on the 
drop 

If the tempeiature of the air is higher than that of the drop, 
an amount of heat, dQ, will flow from the air to the drop as ex- 
pressed by Newton’s law 

where h is the coefficient of heat transfer through the gas film on 
the surface of the drop 

This heat transfer from the air will raise the temperature of 
the drop, thus increasing the evaporation but reducing the rate 
of heat inflow This process will continue until ultimately a con- 
dition of dynamic equilibrium is i cached m which the heat inflow 
from the surrounding air will exactly supply the heat of vaporiza- 
tion of the water evaporating Mathematically expressed, 

^ - Pa) = M (ia - ill) , 

where r is the heat of vaporization per unit weight of water. 
This simplifies to 

h 

Vi-Va = ^A^-k), 

or since the heat of vaporization of water varies but little over 
quite wide temperature ranges, one may write, 

pi — Pa-K{ta — ti), where K has leplaced h/lir 

Although the above equation for adiabatic evaporation of 
water into unsaturated air is based on the assumption that the 
water was initially colder than the air, it is obvious that the same 
condition of dynamic equilibrium described above will be obtained 
regardless of the initial water temperature Thus, if the initial 
water temperature is higher than that of the air, the water will be 
cooled, not only by evaporation, but also by heat transfer from 
the drop to the air by conduction and convection. 

Wet and Dry Bulb Thermometers (Hygrometers). — If a drop 
of liquid be left m a gas, it rapidly assumes the equilibrium con- 
dition represented by this equation, and use is made of this fact 
to determine tbe water content of the air The temperature of 
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the air, ta, is measured with an ordinary mercurial thermometer, 
while the surface of the bulb of a second thermometer is kept wet 
by being enclosed m a cloth or wick moistened with water This 
wet bulb rapidly assumes the equilibrium temperature given 
by the above equation, which, for this dynamic equilibrium shall 
be called ty,, (The thinner the wick the more rapidly is this 
temperature attained, but if the cloth be too thin, the water is 
likely to disappear too rapidly for the mercury to reach the true 
equilibrium temperature ) The unknown partial pressure of 
water vapor in the air is 

h 

'Pa~'Pw K(ta tw^~Pw 1^^ (ia tw) • (1) 

Smce ta and tw may be observed, and pw can be read from 
the steam tables to correspond to the temperatuie of the wet 
bulb, tw} a knowledge of K enables one to determine the 
amount of water m the air for any condition of temperature 
and humidity Allowing for these variations^ m K, the above 
equation is the basis of all humidity tables and charts It 
IS found to be a function of both the total pressure and of the 
temperature, but the change is sufficiently small to be negligible 
for many engineering calculations. Thus, if temperatures be 
given in degrees Centigrade and pressures of water vapor in 
millimeters, K is practically 0.50 for water in air at normal 
barometric pressure The difference of the “ dry bulb ” and 
wet bulb temperatures is sometimes called the “ depression ” 
or psychrometric difference.'^ 

Elimmation of Error Due to Radiation. — The diffusion coef- 
ficients of both vapor and heat through the gas film vary greatly 
with the relative velocity of the gas past the liquid surface^ 
However, the influence of velocity on both processes should, 
theoretically, be due solely to the diminution of the thickness 
of the gas film on the surface of the liquid. Furthermore, the 
diffusion of both gas and heat should be inversely proportional 
to the effective thickness of that film, and hence the ratio of the 
two diffusion constants, h/k, should remain independent of the 
velocity, ie,j K should have a definite, constant value, what- 
ever the velocity. Experimentally such is found to be the case 

1 The quantities affecting K will be discussed later 

2 See pp 36 to 42. 
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when the error due to radiation to the wet bulb from the surround- 
ings IS eliminated The heat received by radiation is constant 
for definite temperature conditions, entirely independent of air 
velocity, by increasing the air velocity, the heat received by 
conduction can be in ci eased to such a degree as to render the 
radiation a quantity negligible in comparison Since the sur- 
roundings are usually at the dry bulb temperature, radiation 
raises the temperature of the wet bulb, i e , use of the above 
equation, m absence of forced air velocity is equivalent to an in- 
crease in the value oi K As a matter of fact, the value of 
K obtained from hygrometers of the stationary type is always 
too high. As motion of air over the surface is increased, K 
decreases, asymptotically approaching a constant value. Since 
it IS difficult to keep the air perfectly still, and since when the 
motion IS slight a small change in the velocity produces a large 
variation in K, it is obvious that the velocity of air must be such 
as to produce this minimum constant value of K The neces- 
sary motion is secured m the standard instrument by mounting 
the thermometers on a stick with a handle attached (shng psy- 
chrometer) so that they may be swung by hand until constant 
readings are obtained In some cases instead of swinging the 
thermometers, air is sucked by the thermometers by a fan (to 
avoid heating effect on the air passing through the fan). For 
this reason, the humidity of air at a given point m a drier, or other 
apparatus in which the air velocity is high, may be obtained from 
the readings of stationary thermometers. 

Technique of Psychrometiy. — The technique of the use of a 
sling psychrometer is important. Attention has already been 
called to the fact that a high relative velocity must be maintained 
between the wet bulb and the air so that any radiation from the 
surroundings to this wet bulb is negligible compared with the heat 
picked up by convection and conduction from the air. It was 
also pointed out that the bulb must be definitely wet at the time 
the wet bulb reading is taken For exact work, before the bulb 
is swung, the temperature of the wetted bulb should be adjusted 
to a point just above the true wet bulb temperature of the air 
being tested If the initial temperature of the water on the bulb 
IS too high it will take a long time to cool the bulb down to the 
wet bulb point and before this point is reached the water will have 
evaporated to such an extent that the thermometer never reaches 
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the true wet bulb temperature (See Curve 1, Fig If the 

initial temperatuie of the wet bulb is but slightly above that 
corresponding to the true wet bulb reading the thermometer will 
cool quickly to the wet bulb temperature long before the water 
has evaporated to any serious extent and a long flat minimum in 
the temperature curve will be observed (See Curve 2, Fig 101 ) 
If, however, the initial temperature is below that of the true wet 
bulb reading the thermometer will rise in temperature through- 
out the period of slinging 
It IS true that there will be | 
a flat portion in the tempera- | 
ture curve as shown by Curve J 
3, Fig 101, but the estimation J 
of this point of inflection is ^ 
obviously inaccurate The ob- ^ 
server can be sure of the I 
accuracy of the determination J 
of the wet bulb point only by 
using water at a temperature 
only slightly above the true 
wet bulb temperature and by reading the wet bulb thermometer 
at different times during the slinging and noting the minimum 
temperature obtained 

/ CONSTRUCTION OF HUMIDITY CHART 

y 

In Fig 102^ the following four items are plotted as ordinates 
against temperature in ^ F as abscissas : 

L Humidity (H) as pounds of water per pound of dry air 

2. Specific Volume, as cu ft of dry air per pound of dry air. 

3. Saturated Volume, as cu. ft. of saturated mixture per pound 
of dry air 

4. Latent heat of steam, r, as B t u per pound of water vaporized. 

In addition, there are shown: 

5. The humid heat (s), plotted as abscissas against the humidity 
{H) as ordinates, and 

6. “ Adiabatic ” Cooling Lines. 

^ This is based on the chart published by The Institute of Chemical 
Engineers (loc at ), except that humid heat is plotted against humidity, 
instead of temperature 
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The construction of each of these curves will now be taken up 
m the order named. Thin chart represents mixtures of dry air 
and water vapor, the total pressure of the mixture being taken as 
normal barometric 

1. Humidity, H. — Taking the actual pressure of water vapor 
in the mixture as p millimeters of mercury, the pressure of the 


0^:4 0 25 0 26 0 27 0 28 0 29 0 30 0 31 Humid Heat ( B.t u/^ p/ .b b d Air ^ 
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Fig 102 — Humidity Chart, Ordinary Range 

(This chart is reproduced to a larger scale on the folding chart facing page 738 ) 

dry air is obviously equal to 760 —p Since the molal ratio of 
V 

water vapor to air is the weight ratio is 


iv) (18 02) 

'(760-p) (29) ’ 


as pounds of water vapor per pound of dry air. 

The curve in Fig. 102 marked ^'100 per cent'^ is calculated by 
substituting in the preceding equation the saturation pressure of 
water vapor at various temperatures, data being taken from the 
steam tables. For example, the saturation pressure of water 
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vapor at 100° F is 48 7 mm. of mercury, and hence H at satura- 
tion at 100° F. IS 


48 7 (18 02) 
711 3 (29) 


=0 0426. 


The percentage saturation curves are obtained by taking the 
corresponding percentage of the saturation curves at the tempeia- 
ture in question. Thus at 100° F the value of H at 50 per cent 
humidity equals (0.50) (0.0426) = 0 0213 It has been empha- 
sized that per cent humidity is not the same as per cent relative 
humidity. Inasmuch as data in the hteratuie may be given as 
per cent relative humidity, it is desirable to convert such units 
into the units of humidity as used throughout this book 
Since per cent relative humidity is defined as 


100 ^, 

V> 

and per cent humidity equals 

looMiiP, 

Ps 

760 -p. 

the factor by which the former must be multiphed to convert it 
to the latter is 


760— p, 
760-p ’ 


where p and ps are expressed in millimeters of mercury. Obviously 
this factor is never greater than unity. For example, air of 50 
per cent relative humidity at 100° F has a humidity of 48 4 
per cent. 

2. Specific Volume (Dry Air). — This quantity is calculated 
from the gas laws. (See pp. 4 to 7.) These state that the 
pound mol of air (29 lbs ) occupies 359 cu. ft. at standard condi- 
tions, namely, 492° F. abs. (32° F.) and normal barometer. Hence 


spec vol.= 


(359) (<-|-460) 
(29) (492) 


= 11 57-f-0 0252«, 
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where ^ is in ° F. It is clear that the specific volume increases 
linearly with t, as shown in Fig 102 Thus at 100° F the specific 
volume equals 14 09 cu ft per lb of dry air. 

3. Saturated Volume, and Humid Volume. — As defined, the 
saturated volume is on a basis of one pound of diy air, and equals 
the sum of the specific volume of the diy air plus the volume of 
the water vapor associated with the particular saturated mixture 
The weight of the water vapor in saturated an at 100° F. is seen 
from the 100 per cent humidity line to be 0 0426 pounds, and the 
corresponding volume equals 


(0 0426) (359) (460+100) 
(18 02) (492) 


= 0 967 cu ft 


The saturated volume at 100° F is then 14 09+0 97 = 15 06 A 
curve of such values is shown in Fig 102. 

Since humid volume is defined as the volume of any mixture, 
expressed as cubic feet of mixture per pound of dry air, and both 
the specific and saturated values aie on the basis of one pound of 
dry air, the humid volume for any per cent humidity may be 
obtained directly by interpolation between the curves for specific 
and saturated volumes For example, an of 50 per cent humidity 
at 100° F. has a humid volume of 


(0 50)14 09+ (0 50)15 06= 14 58 


An interpolation on the chart will check this figuie 

4. Latent Heat of Vaporization, r. — This value, expressed as 
B t.ii. pel lb. of water evaporated, is found to decrease as tem- 
perature rises as shown in Fig 102. 

6. Humid Heat, 5. — By definition, 

s = 0 238+0 48F, (3) 

and it IS obvious that it should be plotted versus the actual 
humidity of the air, and it is so shown m Fig. 102. For example, 
the value of s for air, 50 per cent saturated at 100° F. (il = 0 0213) 
is 0 238+ (0.48) (0 0213) = 0 248. For ^saturated air at 100° F. 
(ff = 0.0426), s = 0.238+(0,48) (0 0426) = 0.258. In Fig 102 the 
scale for s is shown at the top of the plot, and it should be noted 
that s IS the only variable not plotted against temperature. 

6. Adiabatic Cooling Lines. — On the humidity chart (Fig. 102) 
are shown certain lines starting at the 100 per cent humidity line 
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and running downwards to the right These lines are called 
adiabatic cooling lines They afford a graphical solution of 
the problem of detei mining the relation between the initial and 
final condition for an, for adiabatic evaporation/^ 

A piocess IS said to be “ adiabatic when heat interchange 
with the surroundings is negligible Since, in many processes 
of drying and humidification substantially these conditions are 
found, equations foi adiabatic operation are of value The mech- 
anism of vaporization of water exposed to warmer air will now be 
discussed. 

When unsaturated air is passed ovei water colder than the 
air, the air temperature falls and under adiabatic conditions the 
sensible heat given up by the air is consumed in bringing the water 
to the wet bulb temperature and in evaporating water, thus 
humidifying the air 

If the water is initially at the wet bulb tempeiatuic, the 
mathematical statement of the heat balance, on the basis of 
1 lb of dry air, is as follows, m English units 

rwdH='-sdt, . . . (4) 


where dH is the differential weight of water (in pounds) evapo- 
rated into the air m cooling a differential amount dt C F) m tem- 
perature, s is the humid heat of the air, and the heat of vapori- 
zation of the water at the wet bulb temperature in B t.u. per lb. 
(The minus sign indicates that as H rises, t falls ) 

Rearranging the above cooling equation for the adiabatic 
evaporation of water at the wet bulb temperature into air, one 
obtains 


dH^_s_ 

dt Vtv ’ 


( 5 ) 


which states that the slope of the curve of humidity with respect 
to air temperatme is equal to the mtio — s /r^o, the minus sign 
indicating that the angle with the horizontal lies between 90 and 
180°, ^ e., running downwards to the right. 

For the special case in which the increase m humidity is small, 
the quantity, s, may be considered constant, and substantially 
equal to the humid heat of the imtial air. Since is also 
practically constant this means that the curve of H plotted against 
^ is a curve of substantially constant slope, a straight line 
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The equation of this line is obtained by integration of this differ- 
ential expression, giving, 

H = — ^ +constant (6) 

T y) 

It IS an experimentally determined fact that when water evapo- 
rates into air adiabatic ally the process goes on until the air cools 
to the temperature of the water Furthermore, this water tem- 
perature IS, as indicated above, the wet bulb temperature of the 
air This wet bulb temperature remains substantially constant 
throughout the process Therefore, the end point of the process 
is obtained when the temperature of the air has fallen to its wet 
bulb point. Inserting therefore the limits Hw and tw one obtains, 

. (6a) 

7 W 

A mathematical discussion and proof of these relationships will 
be found on pp 458 to 461 

Inspection of Eq (6a), which represents the process of adia- 
batic cooling of unsaturated air by contact with water at its 
wet bulb temperature, shows that the air falls in temperature 
and rises in humidity along a path which is represented by a 
straight line in the humidity chart (Fig 102) Furthermore, the 
slope of any such line is equal to the humid heat of the initial 
air divided by the heat of vaporization of water at the 
wet-bulb temperature Since humid heat increases with the 
humidity of the air, the higher the humidity of the mitial air 
subjected to such a cooling process, the steeper the cooling line 
Similarly, since heat of vaporization decreases as temperature 
rises, the higher the wet-bulb temperature of the process, the 
higher the slope For any specific case the numerical value of 
the slope is |)bviously determined by these two factors In 
order to make it possible to obtain graphically the slope cor- 
respondmg to^ny case that may arise within reasonable limits 
of industrial practice, there are drawn on Fig 102 a series of 
cooling lines Each of these lines starts at its right-hand end 
at a certain humidity, corresponding to its ordinate at that 
point The line ends on the 100 per cent humidity curve at 
the wet-bulb temper^ure Its slope is drawn to correspond 
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to the propel value of s/r^o dctei mined by these milial and final 
conditions 

To illustrate how the slope of any particulai line is deter- 
mined from the initial and final conditions, calculate the slope 
of the adiabatic cooling line for air with a humidity of 0 0130, 
? e , with a dew point of 65° F , cooling to a wet bulb of 95° F 
The humid heat of the entering air, as read from the humid- 
heat line on the diagram, is 0 244 = s The heat of vaporization 
of water at 95° F (the wet-bulb temperature) is 1048 B t u =r^y 
The ratio of the two, 0 000233, is the slope of the cooling line 
The slope of the cooling line for this case on the chart will be 
found to check this figure 

At high temperatures a group of these cooling lines starts 
from a common wet-bulb point, all of the group corresponding 
to the single wet-bulb temperature but different initial humidity 
Thus foi the wet-bulb temperature of 95° two lines are shown, 
the one just calculated starting at an initial humidity of 0 013 
and a second, corresponding to an initial humidity of 0 0027 
At lower temperatures the possible variations in humidity are 
so small that appreciable variations in slope cannot be caused 
thereby, and consequently only one line is drawn for each wet- 
bulb point Hence, where air cools itself adiabatically through 
contact with water at its own wet-bulb temperature, the tem- 
perature falling until it is equal to that of the water itself, the 
process is represented on the humidity chart by the cooling 
line which starts at its right-hand end at the initial humidity 
of the air and ends at its left-hand end at the wet-bulb tem- 
perature If no cooling line which exactly meets these condi- 
tions IS shown on the chart, the actual operating line will start 
at the actual initial humidity and run to the saturation curve 
substantially parallel to that cooling line shown on the diagram 
whose initial humidity and final wet-bulb temperature most 
nearly equal those corresponding to the operating conditions 

Usually, however, the air does not cool completely to the 
wet-bulb temperature, as assumed in the preceding paragraph 
For this case a heat balance shows that 

(il2-I7i)[(r.+0 48(^2-U] = 5i(ix-^2), (7) 

where the subscripts 1 and 2 correspond to the initial and final 
conditions From inspection of this equation it is clear that the 
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slope of the cooling line on the humidity chart which represents 
this change is equal to 


£i 

[ r^+0 48(^2 — 

The cooling lines were drawn with a slope corresponding to the 
initial humidity Consequently, therefore, the only difference 
in slope is due to the correction term to in the denominator 
Except where the wet-bulb depression at the end of the opera- 
tion is high, this correction term is negligible If it be desired 
to correct foi this factor, it will be noted that the denominator is 
equivalent to a heat of vaporization at a somewhat lower tem- 
perature Since the heat of vaporization changes roughly 0 6 
B t u. per degree, the proper slope can be obtained by using a 
cooling line whose wet bulb is below the actual wet bulb by an 
amount approximately 0 8 of the wet-bulb depression at the end 
of the operation 

Inasmuch as the chart is drawn for a constant, total pressure 
of normal barometer, whereas the actual pressure in the appa- 
ratus in question may be slightly greater or less, and since heat 
interchange with the surroundings is not always entirely negli- 
gible, it IS not worth while to go into these refinements. For 
the same reason, slight changes m data for the latent heat, 
specific heat, and vapor pressure are immaterial 

Choice of Adiabatic Cooling Line for Adiabatic Cooling. — If 
any air mixture of known composition and initial temperature 
cools itself by adiabatic evaporation to a known final tempera- 
ture, the exact condition reached may be graphically determined 
by drawing a straight line, starting at the initial temperature and 
humidity, parallel to that cooling line, the lower right-hand end 
of which starts at a humidity equal to that of the air at the 
beginning of the cooling process, and which ends at the wet-bulb 
temperature of the piocess 

In case a cooling line exactly fulfilling these requirements can- 
not be found on the chart, the proper slope can be estimated with 
ease by interpolating between the lines most nearly meeting the 
requirements, because of the fact that the variation m slope of 
these hnes is so slight, the lines for all cases being nearly parallel 
In the solution of problems in which the exact initial condition and 
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the exact final temperature of the cooling process is not known, 
it IS sometimes necessary to estimate these quantities so as to 
make possible the choice, as first approximation, of one of the 
cooling lines Such an estimation wnll so nearly determine the 
initial and final conditions that a second choice of cooling line will 
without fail be sufficiently accurate for the determination of the 
proper slope 

Use of Adiabatic Cooling Lines for the Determination of 
Humidity by Wet and Dry Bulb Thermometer Readings. — A 

quantitative relation between the wet and dry bulb temperatures 
and the actual partial pressure of water in air has been pievi- 
ously derived (pp 444 to 445) As shown on pp 458 to 461 the 
relation between the wet and dry bulb temperatures (t^ and 
ta) and the humidity (Ha) of the air is given by the following 
equation 

Ha= -^+constant= 

Tw Tto W 

which IS identical with Eq (6a) used above to construct the adia- 
batic cooling lines m Fig 102 Hence, the adiabatic cooling lines 
in Fig 102 may be used, not only for the purpose previously ex- 
plained, but also to determine the relation between humidity and 
wet and dry bulb readings. 

Choice of Adiabatic Cooling Line for Wet and Dry Bulb 
Thermometry. — Inasmuch as the wet bulb temperature of the 
air IS the final point of adiabatic evaporation of water into air, 
these same cooling lines may be used to determine the humidity 
of an from the w’et and dry bulb readings. Call the wet bulb 
temperature U, and the temperature of the entering air ta On 
the temperature scale of the plot find the point corresponding to 
tw, intei section with the 100 per cent saturation curve. From this 
point follow down to the right along a straight line parallel to one 
of the nearest cooling lines, choosing that cooling line whose lower 
end lies nearest the final humidity, until the abscissa of the dry 
bulb temperature, ta, is reached The ordinate of the point thus 
determined is the humidity, ^ e , the water content per pound of 
dry air of the mixture whose characteristics are ty, and ta. The 
total carrying power of the air at ta, is read directly from the 
saturation curve at the dry bulb temperature, ta, and the actual 
humidity divided by this total carrying powei is the percentage 
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humidity. Moreover, the curves of per cent humidity, drawn 
for every 10 per cent, may be used to determine this quantity by 
interpolation For caieful work, triangles should be used in 
following the diiections of the cooling hues, but for approximate 
work estimation is satisfactory 

This diagram, representing as it does the condition of air- 
water vapor mixtures through the range ordinal ily met m com- 
mercial practice, is superior to the psychrometric charts so fre- 
quently encounteied. In the first place, unlike any system 
expressing humidity m terms of partial pressure, a change in 



Fig 103 — Humidity Chart, High Range 


temperature of the air involves no change in composition unless 
that change in temperature be accompanied by evaporation of 
water into the air or condensation of water from it. Therefore, 
any change consistmg alone in a decrease of the temperature of 
the air must be represented by a horizontal line in the diagram 
until the saturation point is reached, when the saturation curve 
must be followed Furthermore, the cooling fines represent 
adiabatic evaporation, and make possible the immediate estima- 
tion of the condition of the air from its wet and dry bulb readings 
Also the absolute amount of moisture picked up or given up by 
a unit weight of air is determined immediately by the difference 
between the ordinates corresponding to its initial and final states 
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Figme 103 is a humidity chait similar to the one previously 
described; except that heie the ranges of humidity and tem- 
peratuie aie far greater, it is useful m the solution of certain 
types of problems m drying, pages 532 to 533 

ILLUSTRATIONS SHOWING THE USE OF THE HUMIDITY CHART 

Illustration 1 — Assume a drier in which 200 lbs of water are evaporated 
hourly from the material being dried, the available air has a humidity of 
0.0100 and a temperature of-75° F , and is heated to 155° F before entering 
the dnei The air leaving the drier has a wet bulb temperature of 100° F and 
a dry bulb of 130° F No other assumptions are made as to the material bemg 
dried, nor as to the construction and operation of the drier Calculate the 
air consumption 

Solution. — The air enters this drier as stated with a humidity of 0 0100 
Its humidity on leaving the drier is obtamed by following the coolmg Ime 
starting at 100° F , the wet bulb temperature, down to the right to 130° F , 
indicatmg a final humidity of 0 0350 The rise m humidity of the air gomg 
through the drier is therefore the difference, or 0 0250 Hence this figuie 
is the pounds of water picked up per lb of dry air Since the water evap- 
orated per hour is 200 lbs , the air consumption per hour is 200 divided by 
0 0250 or 8000 lbs of bone-dry air 

Illustration 2 — Referring to the data in the preceding illustration, what 
was the volume of air before and after preheating*!^ 

Solution — The air entering the preheater had a humidity of 0 0100 and 
a temperature of 75° F Reference to Fig 102 indicates that its per cent 
humidity entering the preheater was 55, ihterpolation between the curves for 
saturated volume and specific volume at 75° F indicates that the humid 
volume (of the mixture of water vapor and dry air) was 13 70 cu ft per lb 
of dry air at the entrance to the preheater 

The air leaving the preheater at a humidity of 0 0100 and a temperature 
of 155° F. had a per cent humidity of about 4, a similar mterpolation at 
155° F indicates that the humid volume of the air leaving the preheater was 
15 70 cu ft per lb of dry air 

Other things being equal, the fan for forcmg the air through the apparatus 
should be designed on the basis of the humid volume of the air entering the 
preheater, inasmuch as the fan should be placed where the air has the maxi- 
mum density, because with a given volumetric capacity to the fan, the weight 
capacity is at a maximum when the air handled is coldest Note that these 
calculations require no knowledge of the theory of the drying process itself, 
nor of the mechamsm of the drier under consideration 

Illustration 3' — The water in the stock being dried in this apparatus 
entered the drier at 70° F and the water vapor removed left the drier at 
130° F Calculate the B t u per hour (a) supplied to the drier other than m 
the air entering at 155° F and (6) that supphed by the preheater, neglecting ^ 

^ These quantities sometimes are considerable. 
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heat losses to the surroundings, and that necessaiy to warm up the stock and 
the conveying mechanism 

Solution — Per pound of winter evaporated the heat consumption is that 
necessary to warm the w^ater from 70° to 130° F , or 60 B t u , plus that neces- 
sary to evaporate it at 130° F , or as read from the chart, 1023 B t u , a total 
of 1083 B t u The heat utilized for evaporation, expressed per pound of dry 
air, IS therefore, 1083X0 025 or 27 1 B t u The heat given up pei pound of 
dry air during its passage through the apparatus is equal to the drop in temp- 
eiature (155-130°), times its humid heat (0 242), or 6 1 B t u This quantity 
IS less than the heat consumption, thus demonstrating that this drier is fur- 
nished with some sort of heat supply other than that of the drying air itself, 
and the difference betw^een these two quantities, 21 0 B t u , is the heat 
furnished by the heating surface within the drier, expressed per pound of dry 
air Since 8000 lbs of dry air were consumed, the B t u per hour furnished 
by the heating surface within the drier was 168,000 

Since the entering air was preheated from 75° to 155° F , a rise in tempera- 
ture of 80°, the humid heat of this air being 0 242, the heat furnished by the 
preheater was the product of these two quantities, 19 4 B t u , expressed per 
pound of dry air, or the total w^as this times the amount of dry air per hour = 
154,800 B t u 

Other Illustrations. — Additional illustrations of the use of 
the chart will be found in the chapter on Humidifieis, Dehumidi- 
fiers, and Water Coolers, and in the chapter on Drying 

DERIVATION OF EQUATIONS 

For purposes of derivation of equations, assume a long tunnel through 
wnich unsaturated air is flowing at constant mass velocity The walls of this 
tunnel are non-conductors of heat Along the bottom of the tunnel is placed 
a mat or wick permanently wet with water supplied from below as evapora- 
tion takes place above The water is furnished to this wick at every pomt 
at a temperature exactly equal to that of the water on the upper surface 
of the wick at that pomt There is no motion of the liquid water parallel 
to the axis of the tunnel The mass velocity of the air over the water is 
constant and sufficiently low so that heat generated by friction may be 
neglected 

The unsaturated air entermg this tunnel will become humidified as it 
passes through it owing to evaporation of water In consequence the tem- 
perature of the air will fall and if the tunnel be sufficiently long the water and 
air will ultimately come to equilibrium 

Now consider for the moment the conditions at any definite pomt along 
the length of this tunnel At this point the temperature, humidity, and 
pressure of water vapor m the air will be represented by t, H, and p Smce 
the apparatus is contmuous m its operation these conditions will remain 
unchanged at this particular pomt, but will vary from pomt to point along 
the tunnel The corresponding quantities representing the condition of the 
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liquid water in contact with the air film at this particular pomt are Hw) 
and "pn} 

The mechanism of mteraction of the water with the air is as follows 
There exists over the water what is equivalent to a stationary film of air/ 
which insulates the water from the main body of the air Through this 
air film heat is diffusmg from the air into the water, and through the same 
film there is diffusing in the opposite direction, the water, vapor formed by 
evaporation on the surface of the liquid This evaporation cools the surface 
of the water, and, since it is available from no other source, heat must be 
supplied solely by diffusmg from the air The heat of vaporization must, 
therefore, be quantitatively compensated by the heat flow through the 
surface film, and the rate of evaporation is limited by the rate of diffusion 
of vapor through the same film 

From the above one can write the following equations 


dW da 

Whence 


Pw V — , il 


(3) , 

(4) 


For nomenclature used in this derivation, see p 461 This last equation is 
the one normally used for calculatmg the humidity of air from wet and dry 
bulb thermometer readings In it variation in is neglected and the term 
h/kfw IS assumed constant The equation imphcitly assumes that the coolmg 
of the air is differential, ^ e , so small m the neighborhood of the pomt m 
question that the actual changes m temperature and humidity of the air, 
t and p {or H) are negligible 

It is obvious that h and k depend on the effective thickness of the air 
film and are therefore functions of the velocity of the air It is, however, 
equally obvious that, if air velocity be mcreased sufl&ciently to double the 
one, the other will double also The ratio of h/k therefore remams constant, 
independent of velocity This explams why the reading of a wet bulb ther- 
mometer IS uninfluenced by the velocity of air passing it, provided the 
velocity IS sufficient so that any heat lost by radiation is negligible m com- 
parison with that picked up by conduction Since 


g/18 ^ 

^ fl’/18+l/29’ 

H/18 1 

ir„/18+l/29 ff/18+l/29j 


kry) 

h 


( 5 ) 

( 6 ) 


^ See Flmd Films, pp 36 to 41 

2 This involves the assumption, entirely valid under normal conditions, 
that the water vapor follows the gas laws The deviations from the gas laws 
become progressively less as pressure decreases, even at the saturation pres- 
sure at 150° F the deviation is less than 0 7 per cent 
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Where H is small, as is usually the case below 150® F, Fu;/18 and iJ/18 
are negligible compared with 1/29, and one may write as a close approxima- 
tion, 

(7) 

h 

where H = 29k P/18 

Now consider the change in humidity and temperature of the air as it 
moves along the tunnel Startmg at the same pomt previously considered, 
the air will drop m tempeiature by an amount dt and increase in humidity 
by an amount dll The heat given up by the cooling must correspond to 
the heat of vaporization of the water picked up, le , 

-sdt^r^dH,^ ( 8 ) 


whence, assuming constancy of 6 and r«„ 

//= -—-[-const (9) 

1 W 

Assummg the tunnel indefinitely long, the air will ultimately become satu- 
rated at some temperature te, and humidity He Since these conditions 
represent equilibrium between the air and the water, evaporation will cease, 
and te and He are therefore the constant, fixed end pomts of the process 
Insertmg these limits in Eq (8) one ob tarns 

( 10 ) 

Tip 

Two equations connecting H and t have been derived, both applying to this 
same process of evaporation, namely 

( 10 ) 

and 

h 

Hw ^ 

These two expressions must therefoie be identical By the method of unde- 
termined coefficients this can be true only providing the corresponding coeffi- 
cients are equal, namely 


h _ s 
k'r^p 



( 11 ) 


and 


— tw) 
He = H^ 


( 12 ) 

(13) 


^ The exact form of this equation is 

— sdt — [tw +0 48 {t — tw) ]dH 

In Eq (8) the correction term to Tw is neglected 

2 W H Carrier, J Am Soc Meek Eng , 34, 1309 (1911), stated as a 
general pnnciple, that the wet bulb temperature of air remams constant 
during ^'adiabatic’' evaporation of moisture into it However, he gave no 
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Equation (12) states that the end point (fe) of adiabatic evapoiation of 
water into air is the wet bulb tempeiature (/wO 

Since Eqs (10) and (7) are equal, it has been shown that the adiabatic 
cooling lines on the chart, Fig 102, which aie calculated from Eq (10), may 
be used for determining 

(a) the humidity of air, knowing the wet and dry bulb temperatuies, and 

(b) the relation between the initial and final conditions of air for adiabatic 
evaporation 

Equation (11) states that the coefficient of heat transfer (h) through the 
gas film divided by the coefficient of vapor diffusion {k') through the same 
gas film IS a constant for any given conditions, and equal to the humid heat 
of the gas The importance of this relationship is very great in problems 
involving the transfer of heat or matter by the piocess of diffusion For 
if the heat transfer coefficient for a certain type of apparatus operating under 
definite conditions is known, the capacity of this same apparatus may be 
predicted when functioning as a gas scrubber Conversely, if U is known, 
one can predict h 


Nomenclature for Derivations 
= Surface area of liquid in contact with gas 

= Humidity of gas, parts by weight of vapor per part by weight of vapor- 
free gas 

h~Yilm coefficient of heat transfer between gas and liquid, heat units per 
unit time per unit surface aiea per unit temperature difference 
A: = Coefficient of diffusion, parts by weight of vapor diffused per unit tine 
per unit area per unit vapor pressure difference 
= Coefficient of diffusion, parts by weight of vapor diffused per unit time 
per unit area per unit hurmdity difference 
p = Partial pressure of vapor 

P= Total pressure of vapor and vapor-free gas (^ e , barometer) 

Number of heat units transferred 

r= Latent heat of vaporization, heat units per unit weight of liquid vapor- 
ized 

a = Humid heat, number of heat units necessary to change the temperature 
of umt weight of vapor-free gas plus the vapor tt contains, one degree 
^ = Temperature 
0=Time 

W = Weight of liquid evaporated 

proof or adequate explanation of the statement From this derivation it is 
obvious that the statement is true only where the amount of vapor in the 
air IS small, i e , this relationship represents merely a hmiting case With 
high vapor concentration the wet bulb temperature changes during such a 
process. The variation is, however, neghgible for almost all engineering work 
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HUMIDIFIERS, DEHUMIDIFIERS, AND WATER COOLERS 

The equilibiium relationship in a system comprised of water, 
water vapor and air, and the temperatures reigning m such a 
system, form the basis of certain types of apparatus much 
employed in industrial work The more important are included 
under the descriptive teims, humidifiers, dehumidifiers, and 
water coolers 


GENERAL CONSIDERATIONS 

Humidifiers. — When it is desired to increase the humidity of 
air or other gas, live steam may be blown into it. However, 
this increases the temperature and it is difficult to control the 
humidity; consequently it is generally more satisfactory to bring 
the air mto contact with liquid water 

When the air entering an enclosure containing water is unsatu- 
rated and warmer than the water, heat is transferred from the air 
to the water, thus lowering the temperature of the air; this heat is 
largely consumed m vaporizing water, which diffuses into the air, 
increasing its humidity. Such a process is called ^^Humidifica- 
tion,'’ Air-cooling,^^ or “ Air Washmg 

In a humidifier where surface is provided either by the use 
of a water spray or by allowing water to trickle over suitable 
packing, a relatively large amount of water must be circulated m 
order to maintain the wet surface. At ordinary temperatures the 
rate of evaporation from such a surface is small so that only a 
small percentage of the water circulated is evaporated per cycle. 
As shown on p. 460, water in contact with air assumes the 
wet bulb temperature of that air and it is therefore obvious that 
the water recirculated in a humidifier will be at all points at 
substantially the wet bulb temperature unless the temperature 
of the small amount of make-up water used is widely different 

462 
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Even when the water fed into the appaiatus is not at wet bulb 
temperature it reaches this temperature in a very short time. 
Figure 104 shows a typical spray chamber as used for humidifi- 
cation The air enters through the inlet dampers and passes 
through the preheating coils into the spray chamber. In this 
particular case the flow of air and water is parallel. The air 
leaving the spray chamber passes through the eliminators or 
baffles, which may be kept wet by flooding nozzles The air 
then passes into subsequent apparatus, sometimes through 
re-heatmg coils as shown Usually such apparatus is automatic 
in action, the control depending on the readings of wet and dry 
bulb thermometers, or upon the dew point of the exit air 



Fig 104 — Sturtevant Horizontal Spray Type Humidifier, or Air Washer 

Figuie 107, p 474, shows another type of apparatus which may 
be used for humidification 

Humidifiers are used widely in ventilating practice, and are 
finding extensive use for humidifying air for “ conditioning 
looms m which certain materials, such as textiles, are allowed 
to regain moisture removed at some previous step in the process, 
or where the moisture in the stock must be kept at a piede- 
termined figure. 

Dehumidifiers. — It is sometimes necessary to remove moistuie 
from air Where complete removal is not required it is usually 
most satisfactory to dehumidify by cooling and condensation 
rather than by adsorption or chemical absorption. The cooling 
can be brought about by ordinary pipe coolers but in such a case the 
heat transfer coefficient is small, thus requiring a large amount of 
an expensive type of cooling surface Instead of using a pipe 
cooler directly, the result can be accomplished more cheaply by the 
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use of two pieces of apparatus first, a spray chamber, or similar 
appaiatus, in which cold water is brought into direct contact with 
the an , second, a double-pipe cooler in which the water is cooled 
by lefrigerated brine The first of these is veiy cheap, and the 
second, while of an expensive type, need not be large, because of 
the relatively high coefficient of heat transfer from water to 
biire m the pipe cooler 

vVhen saturated air is bi ought into contact with water colder 
than itself, the sensible heat content of the air is reduced by 
heat transfei to the watei, and water vapor diffuses from the 
saturated an into the colder water, the heat liberated by both 
mechanisms being consumed in laismg the temperature of the 
water Since such a process deci eases the humidity of the air, 
it IS described as Dehumidification 

Dehumidifiers are used in ventilating work when it is more 
economical to dehumidify air already used than to heat and 
humidify cold air from outdoors. They are also used m connec- 
tion with diiers in which air is recirculated (See p 493 ) 

Water Coolers. — When watei comes m contact with air the 
wet bulb temperature of which is lower than the temperature of 
the water, the water is rapidly cooled by evapoiation If this 
unsaturated air is cooler than the water with which it is brought 
into contact, the water is cooled not only by evaporation but 
also by the transfei of sensible heat to the air. 

Water coolers are employed m engineering practice where 
cooling water is scarce. The forms ordinarily used are Cooling 
Towers and Spray Ponds Figure 105 shows one type of water 
cooler. 

To recapitulate, the humidity increases in a humidifier, de- 
creases m a dehumidifier, and increases in a water cooler, the 
water temperature is practically constant m a humidifier, rises in 
a dehumidifiei, and falls m a water cooler, the air temperature 
falls in the first and second and usually rises, but may fall, in the 
third. 


METHOD OF CALCULATION 

The humidity chart discussed in the preceding chapter is used 
for determining the relation between the initial and final tem- 
peratures and humidities of the air. Knowing these terminal 
conditions, one can readily determine the stoichiometric relation 
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between the amount of air handled, the change in humidity, and 
the water evaporated or condensed Examples of such calcula- 
tions are given on pp 474 to 478 

The size of a humidifier or dehumidifier for a given capacity 
and operating conditions may be calculated by the use of either 
of two equations . one, depending on the transfer of sensible heat 
from the air to the water surface, and the other, depending od th.e 



Fig 105 — ^Wheeler Cooling Tower 


diffusion of water vapor from or to the air, to or from this same 
water surface 

The heat effect due to evaporation or condensation is disre- 
garded m the heat transfer equation, except as it influences the 
water temperature and hence the average temperature difference 
between water and air Both of these piocesses, heat transfer 
and diffusion, take place simultaneously and the coefficients of 
the two equations are tied together by a very simple relation, 
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hence the apparatus may be designed on the basis of either mech- 
anism In calculations for humidification and dehumidification, 
the heat transfer equation is more convenient than the diffusion 
equation, but both must be used for water coolers. 


Nomenclature 

(r=Lbs of bone dry air per minute passing through the apparatus 
H = Humidity of air, as lbs of water vapor per lb of bone-dry air 

Humidity of water face of air film on the water surface = humidity at 
saturation at water temperature 

ha = Overall coefficient of sensible heat transfer, expressed as B t u per min 
per ® F per active cu ft (h-Btu per min per ° F per sq ft 
of transfer surface, and a=sq ft of transfer surface per active 
cu ft ) 

Overall coefficient of vapor diffusion, expressed as lbs per mm per 
active cu ft per unit Hw—H 
Q =- Total heat change, B t u per nun 
q —Sensible heat change m air, as B t u per mm 
B=Rate at which water enters apparatus, as pounds per minute 
r =Heat of vaporization oi water, B t u per lb See Humidity Chart for 
values 

rt 4 , = Value of r at wet bulb temperature 
s = Humid heat of air See Humidity Chart for values 
t =Temp of air in ° F 
i«=Wet bulb temperature of air, ® F 
T=Temp of water in ° F 

Y = Active volume of apparatus m cu ft , i e , the volume in which air and 
water are in contact Ordinarily taken as total volume of appa- 
ratus, corrected for hquor storage space, etc 
— Lbs of water vapor diffusing per minute 

Subscripts — 1 refers to conditions of both liquid and gas at the gas 
entrance^ and 2 to the gas exit 

Equations for Humidification. — Since humidification as ear- 
ned out in industrial practice is substantially an adiabatic cooling 
process, the relation between H and t is given by an adiabatic 
cooling line on Fig 102 The following heat transfer equation^ 
shows the relation between size, capacity and temperatures of air 
and water. 

q = Gsi{t\^t2) = haV{t—T)a,Y* »....(!) 

^ For derivation, see pp 478 to 480. 
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The mean value of the overall temperature difference from air 
to water, (t—T), or At, is the logarithmic mean 


(i r)av — 


Ati-At2 




However, the arithmetic mean, 


(^-r)av= 


Aii“f*Af2 


(2) 


(2a) 


gives a value checking the logarithmic mean within 4 per cent 
when Ah is not more than twice Afe. Hence, when so low a 
ratio of temperature differences prevails, one may use the arith- 
metic mean without introducing serious error Values of the 
coefficient ha will be given later 

The water evaporated may be calculated in two ways 






(3) 

(4) 


Usually, greater precision is 
obtained from Eq (3) than from 
Eq (4) In humidification, ta is 
equal to the make-up water 

In order to show the results 
of tests of a humidifier graphi- 
cally, an equivalent form ^ of 
Eq (1) may be used 

fcl 1 iD 

This equation states that if the 
air be, flowing at constant rate 
(pounds per minute) through an 
enclosure in which it comes m 
contact with water, the total 
surface of which is kept con- 
stant, the ratio of the tempera- 
ture of the exit air less its wet 



0 2 4 6 



Fig 106 — Humidifier Data 


1 The derivation of this form of Eq (1) is given on pp 478 to 480. 
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bulb reading to the temperature of the entering air less its wet 
bulb value is a constant, whatevei the tempeiature of 

the entering air may be Where G is held constant in a given 
apparatus, ha will be constant, and hence one may plot (^i “ Ty^) 
versus (^2 — and from the slope of the line determine the 
value of ha See Fig 106 

Dehumidification of Saturated Air —Where the air entering 
the apparatus is saturated the relation between H and t is then 
given by the 100 per cent humidity curve on Fig 102, p 448 
For such conditions, 

q=GsQ^y(ti — t 2 )=haV(i—T)^^ (la) 

The arithmetic average of the initial and final humid heats will 
be used for Sav will be shown later, the value of the overall 
coefficient ha is less for dehumidification than for humidification 
The water condensed may be calculated as follows 


1 

II 

(3a) 

^av 

w=G(Hi-H2) 

(4) 


Usually, greater precision is obtained from Eq (3a) than from 
Eq (4) 

For counter flow of air and water (the usual arrangement), 
the relation between the rate of flow {R) of entering water, the 
rise in water temperature (T 1 — T 2 ), and the total heat evolved 
(Q) is as follows 

Q = R(T,-T2) =wr,^+Gs,^{h-t2) (6) 

Interaction of Water with Unsaturated Air. — If the cooling 
water m contact with the air be at a temperature below its dew 
point the air is dehumidified by diffusion of water vapor into the 
water and simultaneously cooled by abstraction of heat by con- 
duction. Both these mechanisms tend to increase the tempera- 
ture of the water 

If the temperature of the cooling water be above the dew point 
but below that of the air, water evaporates into the air but the 
air is cooled by conduction as before Evaporation tends to 
cool the water, but conduction tends to heat it. At the wet 
bulb temperature these two tendencies balance. 
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If the temperature of the water m contact with air be above 
that of the air itself the water is cooled both by evaporation and 
by conduction of heat In the quantitative analysis of any 
specific case the two processes occurring simultaneously must be 
considered separately 

The process frequently involves a number of stages, each of 
which must be considered separately, involving different values 
of ha, (< — T)av, and q in each stage 

Equations for Water Coolers. — Obviously counterflow of air 
and water will be used One relation immediately available is a 
heat balance 


Q = (?Sav {t 2 -ti)+G (H 2 -H 1 ) r,v = i? (T2-7 ’i), (6a) 


where arithmetic mean values for s and r are taken 

As for humidifiers and dehumidifiers, the sensible heat transfer 
may be calculated according to the following equation 

$=<?Savfe-<l)=^n’^ (^~0av (1«) 


Since the ratio of the initial and final values of T—t is generally 
small, the arithmetic mean temperature difference usually gives 
sufficient precision 


(r-f)av = 


2 


C2&) 


As previously indicated, the water vapor diffuses through the 
same water surface by a parallel process. 


w=6i(F2-Hi)=fc'aF(ff„-J?)av, • (7) 


where h'a is the diffusion coefficient, and H is the difference 
in potential, or “humidity driving force ” is the humidity 

of the water face of the air film on the water, while H is the 
humidity of the main body of air at the same section of the 
apparatus ) Under most conditions met in practice the arith- 
metic mean gives sufficient precision. 




-H), 


(ir^-fl'i)+(F„-zr2) 

2 


( 8 ) 


It should be noted that in a water cooler, the water temperature, 
and hence mnes throughout the apparatus. In designing 
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a water cooler, the initial and final water temperatures {T 2 and Ti) 
and the late of input {R) of the water are known, as is the initial 
temperature {h) and humidity {Hi) of the available air Further- 
more, data for the coefficients ha and I' a are available for towers 
of certain types. Hence, with the three equations given above, 
and the humidity chart, it is possible to calculate the amount of 
air requiied, the volume of the apparatus, and the temperature 
and humidity of the air leaving the water cooler As a first 
approximation, the temperature of the air leaving the apparatus 
may be taken as 5 to 10° F below that of the entering hot water 
This trial value must later be checked against values required by 
the equations used 

Discussion of Overall Coefficient ha — The following points 
should be kept clearly in mind 

1. The coefficient ha is obtained experi mental ly and is ex- 
pressed as B t u. {as sensible heat only ) per minute per ° F average 
overall temperature difference per cu ft. Although ha can be 
determined by experiment, it consists of two factors, neither of 
which can conveniently be determined separately. A possible 
exception to this last statement is found in certain packed towers 
where it is possible to estimate the term a, z c , the total sq. ft 
of wetted surface per cu. ft. of tower The exact value of the 
overall coefficient of heat transfer cannot, m general, be pre- 
dicted for apparatus for humidification, dehumidification, and 
the like, but the qualitative effect of changing certain variables, 
such as velocity of gas or liquid, may be predicted in certain cases 

2 Since the term a represents the sq ft of active surface per 
cu ft of active volume of apparatus, it will vary widely with the 
type or design of the apparatus Even in a definite type of 
apparatus, gas velocity, rate of liquor circulation, or both, un- 
doubtedly affect the active surface per unit of volume. 

3. In addition to this, as brought out repeatedly in the chapter 
on “Flow of Heat,^^ changes in velocity and viscosity have marked 
effects on certain film coefficients of heat transfer, and hence on 
the overall coefficient 

All of these facts make the estimation of values of ha extremely 
difficult, and hence for accurate design it is necessary to determine 
the coefficient for the particular conditions under consideration. 
However, by having a clear insight into the nature of the variables 
which determine ha^ the amount of experimental work required may 
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be reduced to a nimiinum While the designing of apparatus of 
these types in the absence of preliminary experimental work is 
undesirable, yet the problem sometimes arises, and here one must 
interpret the results of experiments in similar apparatus with care 
and employ suitable factors of safety 

Application of Film Concept and Potential Concept. — This 
procedure is used by Whitman and Keats, ^ who employ the 
following nomenclature 

han = Overall coefficient of heat transfer for humidification, 
hajy — Overall coefficient of heat transfer for dehumidificahon, 
hag = Film coefficient of heat transfer through gas film. 

Unless otherwise stated the liquid involved is water 
As previously indicated,^ in humidification the heat flows 
from the air through the air film to the outer surface of the drop, 
while water vapor diffuses through this film into the air, the water 
temperature remaining unchanged Since the heat does not 
penetrate into the water itself in this case, the only resistance here 
is that of the gas film, hence 

haH — hag (Q) 

In the process of dehumidificahon, the heat flows not only 
through the gas film but must also penetrate into the drop, as the 
water becomes warmed in the process The process of dehumidi- 
fication is complicated The sensible heat removed from the air 
must travel in series through both the gas and the liquid films, 
but the latent heat of condensation is liberated at the interface 
between the films and as heat travels through the liquid film 
only The vapor condensed must travel, however, by diffusion 
through the gas film, and there must be a partial pressure gradient 
through this film sufficient to cause the diffusion The quanti- 
tative interrelationships can be derived by the methods used 
on pages 458 to 461, but the meagre data available have not 
been analyzed in this way. 

Data giving direct experimental determinations of the overall 
coefficients, ha^ and hanj m four distinct types of apparatus 
for varying conditions of air and water velocity are tabulated 
and discussed on the following pages The value of hajy there 
given are based on sensible heat only. 

^ J Ind Eng Chem , 14, 186 (March, 1922). 

2 See pp 443 and 444 
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DATA—VALUES OF THE OVERALL COEFFICIENT Qia) 


Note, — All values of ha are given as B t a (sensible heat) per 
minute per ^ F per cu. ft of active volume 

Horizontal Spray Chamber. — Tests on a four-stage counter- 
flow hoiizontal spray chamber gave the following values 


Air Velocity 

Humidification 

Dehumidification 

Lbs of dry an 



per mm 
per sq ft 

ihan) 

{hajf) 

of cross-section 



22 7 

1 39 

0 359 

28 0 

1 73 

0 409 

35 6 

1 67 

0 403 

41 9 

1 47 

0 428 

45 3 

1 47 

0 495 

Average 

1 55 

0 42 


The above values were determined with a spacing of 7 ft from 
bank to bank and 1 78 sprays per sq ft of cross-section, hence 
there were 3 93 cu ft of chamber per spray. The water rate 
per spray was held constant at 12 5 lbs per minute per nozzle, 
the pressure on the nozzles being 22 lbs gauge. The amount of 
water sprayed per nozzle is quite important, as well as the spacing 
of the sprays and spacing of the banks While water temperature 
IS probably important in determining han^ theoretically it should 
not affect haa^ as only the gas film is involved in the latter case 

Tests on two other spray chambers of different design gave 
values of hau of 1 1. and 1 5 

As shown by lecent experiments of Robinson and RolP on a 
commercial, horizontal, one-stage spray humidifier with parallel 
flow of air and water, 

AaH=0 0592 in) (r)^ 

^ M I T Thesis, 1921 These constants must be determined for each 
design of nozzle 
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where n varied from 0 785 to 1 57 nozzles per sq ft of cross- 
section, r varied from 3 to 8 5 lbs of water per min per nozzle, 
and han varied from about 0 35 to 2 7. The range of average 
water pressure on the nozzle was 3 to 15 lbs per sq in. 

Coke -Packed Tower. — Whitman and Keats ^ give the fol- 
lowing data for a tower packed with 3-in gas coke and operated 
with a water velocity of 20 lb per minute per square foot of 
total cross-section. Higher water velocities make little diifer- 



Air Velocity 

Humidification 

Dehumidification 



Pounds of dry air 
per minute per 
squaie foot of 
cro&s-section =g 

han 

han 



8 4 55 1 60 

11 5 85 2 60 

14 7 05 3 70 

17 8 40 4 90 

20 9 65 6 30 

ence in the coefficient, but at lower velocities the coefficients 
drop off rapidly, probably due to incomplete wetting of the 
surface of the coke These values of hau can be represented by 
the equation 

hciff— 1 20“j“0 42^ 

where g — sw velocity as pounds of dry air per minute per square 
foot of total cross-section 

Slat-Packed Tower. — C S Robinson^ gives the following 
For Water Cooling, 

¥ac=0 00Z7u, 

where u varied from 240 to 540 cu ft of air per min. per sq ft 
of ground area, k'ac varied from 0 50 to 2 18 lbs water per min 
per cu ft per unit Hw—H, and the water circulation was 53 lbs. 
per min per sq ft of ground area 

Centrifugal Spray Tower. — Tests^ on a Maclaunn scrubber 
gave the following results. 

^Loc ctt 

^ Recalculated from data given m J Ohio Soc Mech , Elec, and Civil Eng , 
VII, 1 

3 Littlefield, Merrill and Stewart, MIT Thesu, 1921 





474 


PRINCIPLES OF CHEMICAL ENGINEERING 


For Hurmdificat'ion, 

, 0.0823^L 

jL+14 ^ 

where g varied fiom 3 5 to 15 3 lbs. dry air per mm per sq ft of 
total cross-section, han varied from 0.12 to 1 10, and the water 

rate (L) varied from 3 4 to 117 
lbs per mm. per sq. ft of total 
cross-section See Fig. 107 ^ 

For L=100, haH = 0 0722g, 

For Dehumidificahon, 

07’ 

where g varied from 2 8 to 13 0 lbs. 
dry air per mm per sq ft of total 
cross-section, ha^ varied from 0 18 
to 0.^0, and the water rate was 98 
lbs. per mm per sq. ft. of total 
cross-section 

ILLUSTRATIVE PROBLEMS 

In Problems (1) and (2), ha for a 
horizontal spray chamber may be taken 
as 1 50 for humidification and 0 50 lor 
dehumidification, provided there are 12 
lbs of water per minute per spray, two 
sprays per sq ft of cross-section, and the 
banks are about 8 ft apart (in the direc- 
tion of flow of the air) The water 
pressure on nozzles may be taken as 20 

Fig 107— Maclaunn Scrubber gauge for new sprays when the rate 

of flow is 12 lbs per min per spray 

Problem 1. Humidifier — ^It is desired to cool 22,000 cu ft per minute 
of air from 95 to 75° F , using a horizontal spray chamber which sprays the 
recirculated water agamst the air flow The temperature of the make-up 
water is 80° F , the dew point of the initial air is 58° F , and the barometer is 
normal Calculate 

(a) Number of spray nozzles reqmred, and dimensions of chamber to 
house the sprays 

(5) Gals of water recirculated per mmute, and theoretical horsepower for 
spray nozzles 

(c) Gals of make-up water per mmute. 

^ Courtesy of American Chemical and Suaar Machinery Co 
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Solution. — From Fig 102, p 448, it is seen that the humidity of air satu- 
rated at 58° F IS 0 0100, and that the per cent humidity of such air at 95° F 
is about 28 Following the adiabatic cooling line, it is seen that the wet bulb 
temperature of this air is 70° F , and that the humidity attained during 
adiabatic cooling to 75° F in contact with water is 0 0145, the per cent 
humidity being about 78 

The humid volume of air 28 per cent saturated at 95 ° F is seen (by inter- 
polation between the value of 14 82 cu ft for saturated air and 13 96 for 
dry air) to be 14 20 cu ft mixture per lb of dry air Then G equals 

22,000/14 20 = 1,550 lbs of dry air per minute 

The sensible heat q removed by cooling the air, having initial humid heat of 
0 2425, from 95 to 75 is, as seen by Eq (1), (1550) (95—75) (0 2425), or 
7520 B t u per mm Since the recirculated water attains the wet bulb 
temperature (70° F ), the temperature difference between air and water is 
95—70 or 25° F at the entrance and 75— 70 or 5° F at the exit From 
Eq (2) it IS seen that the mean temperature difference equals 

(25-5)/(2 3) (0 699) or 12 45° F 
From Eq (1) it is seen that 

7 = (g)/(/ia) or 7520/(1 5) (12 45) =403 cu ft 

Since the value of ha used was determined for one nozzle per 4 cu ft and 
2 nozzles per sq ft of cross-section, the theoretical number of nozzles equals 
101, the sq ft of cross-section is about 51, and the length of spray chamber is 
about 8 ft For 101 of these nozzles m one bank the water rate is 

(101) (12) /8 33 or 145 U S gals per mm 

Since to evaporate one pound of water at 70° F and warm the vapor to 
75° F one must supply 1 065 -{-0 48 (75— 70) or 1068 Btu, the make-up 
water according to Eq (3) equals 7520/1068 or about 7 lbs of water per min , 
which is less than 1 gal per mm It is obvious that the mixing of 7 lbs of 
water at 80° with 1210 lbs at 70° would not appreciably raise the tempera- 
ture above 70° F According to Eq (4) the make-up water equals 

(1550) (0 0145-0 0100) or about 7 lbs per min 
The theoretical horsepower dissipated in the nozzles equals 
(1210) (20) (144)/(62 3) (33,000) or 1 7 

It can easily be shown that the dissipation of this power will not cause appreci- 
able rise in water temperature In calculating the actual horsepower of the 
motor for the pump, one must allow for the theoretical friction losses and hft 
in the piping system as well as the nozzle friction, and the combined effi- 
ciency of motor and pump The calculated values are* 

(a) 101 nozzles m one bank housed by a spray chamber 8 ft long, and 
about 7 by 7 5 ft in section. 
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(b) Water recirculated at rate of 145 gals per mm , the pump theoretically 
requiring 1 7 hp for the resistance caused by the nozzles alone 

(c) About 1 gal of make-up water required per mm 

A safety factor should be included on the size of the spray chamber and 
number of nozzles to allow for decrease m effectiveness of sprays with time 
The volume given above (403 cu ft ) is that of the spray chamber alone, 
obviously, the actual apparatus must include an dampers at the entrance 
and water eliminators at the exit Suitable strainers should be provided on 
the water line leading to the sprays For use in winter heating coils should 
be piovided A t 5 qiical calculation of the heating surface required is given 
on pp 153 to 154 

Problem 2 Dehumi differ — A horizontal counterflow spray chamber 
is to be designed to cool 5600 cu ft per mm of saturated an from 105 to 
80° F , using cooling water entering at 45° F Calculate 

(a) Number of spray nozzles reqmred, and dimensions of spray chamber 
necessary to house them 

(b) Pounds of cooling w^ater necessary per minute 

(c) Temperature of effluent water 

Solution — In this problem there are primarily two unknowns the number 
of nozzles (n) and the final temperature (Ti) of the water Taking the arith- 
metic mean overall temperature difference, by Eq (2a), 

_ (105 -Ti) 4- (80 -45) 140 -Ti 

(i-iJav- 2 "2 

By Eq (la), remembering that V =4n, 

(5600) (105-80) (0 255) (0 5) (4n)(140-Ti) 

(15 4) (2) 

Remembering that the rate of water supply (R) equals 12n, the heat 
balance, Eq (6) gives 

12n(r.-45)=-^^^ (105 -80) (0 255) + ^^ (0 0497 - 0 022) (1050) ' 
(15 4 ) (.15 4 ) 

Solving these two equations gives 

7h = 75°F 
n=36 

Whence, V equals 144 cu ft , t e , 8 ft long by 4 ft by 4 5 ft , and R equals 
432 lbs of water entering per mm , or 51 8 gals per mm See notes in 
preceding illustration concerning safety factor 

Illustration 3. Water Cooler — ^A slat-packed cooling tower is to be 
designed to cool 3000 gals per min. of condenser water from 110 to 85° F. 

^ To be more exact, this value of r at the average air temperature should 
be corrected for the coolmg (or heatmg) of the condensate from this average 
temperature to the temperature of the exit water 
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by means of air flowing up through the tower With forced draft, it is esti- 
mated that the velocity of the entermg air will be 500 cu ft per min per 
sq ft Under the worst conditions the available air will be saturated at 80° F 
Using the data given below, and neglecting heat losses to the surroundings, 
calculate 

(a) Cu ft per min of air entermg the tower 

(5) Height and ground area of tower 

(c) Temperature and humidity of exit air 

Data 1 — For similar towers handling 53 lbs of water per mm per sq ft 
ground area, it is found that k'a — 0 0525g, where g equals lbs of dry air per 
minute per sq ft of total cross-section, k'a for Eq (7) being expressed as 
lbs of water evaporated per mm per cu ft of total volume per unit (Hw~H), 
where Hy, equals the humidity as lbs of water vapor per lb of dry air at 
the water face of the air film on the water surface, and H is the humidity of 
the air flowing past the water surface For this type of tower used as a 
water cooler, hafk'a = 0 33 

Solution — Since the data available for ha and k'a were determined for 
53 lbs water per min per sq ft of total cross-section, the ground area of the 
tower equals (3000) (8 33) /53 ==472 sq ft The volumetric capacity of the 
fan equals (472) (500) =236,000 cu ft per min at 80° F Since the humid 
volume of the entering air is 14 1 cu ft per lb of dry air, G equals 

(472) (500)/(14 1) = 16,700 lbs dry air per min 

(It will be noted this corresponds to about two-thirds lbs of dry air per lb of 
water fed ) 

The heat balance for the tower, Eq (6a), is 

(16,700)(sav)(^2-80) + (16,700)(H2-0 0220)(1046) =25,000(110-85) . (A) 

The equation for the transfer of sensible heat to the air, Eq (la) is 

(16,700) (Sav) (k -80) = ftaF -fe +85 -80 

Since the velocity (g) of dry air is 16,700/472 = 35 4 lbs dry air per nun per 
sq ft of total cross-section, k'a equals 0 0525 (35 4) = 1 86, and ha = (0 33) 
(1 86) =0 614 

Hence the preceding equation becomes 

(16,700) (sav) (^2 -80) = (0 307) (7) (115 - jJs) . . (B) 

The equation for the diffusion of water vapor into the air, Eq. (7) is 

or 

16,700(H2~0 0220) = (0 93)(7)(0 0624-H2). . . . (C) 


1 Robinson, he , at 
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Since, 


Sav =0 238+048 


' 0 022+g2 \ 

2 


J’ 


* 


there are three equations (A, B and C) and three unknowns V, H2 and t2 
If Eq (B) IS divided by Eq (C), V is ehminated, and hence values of (2 and H2 
must satisfy (A) and (B/C) As a first trial, <2 is usually taken as 5 ° F less 
than the temperature of the entering water The values of t 2 and H 2 which 
satisfy the above conditions are 

i2 = 107°F 

£^2 =0 0512 or 96 5 per cent saturated 

Substituting these values in Eq (C), and later in (B) as a check of the arith- 
metic, y = 47,000 cu ft Hence the height of the tower equals 

(47,000)7(472) =99 5 ft 

]sfQTE —This cooling tower was designed for the worst conditions” of 
the air, namely, saturated at 80° F When the air is not saturated, or cooler 
than 80° F or both, the water will be cooled to a temperature lower than 
85° F Since the calculated height of 99 5 ft is excessive, the designer would 
probably compromise by using a shorter tower, thereby sacrificing somewhat 
the coohng of the water 


DERIVATION OF EQUATIONS) 

Equations for Adiabatic Humidification. — The simplest technical appli- 
cation of the evaporation of water into air is m humidifiers Only a small 
fraction of the water fed m as spray is taken up by the air, but as the excess 
water is collected and recirculated, only the evaporation bemg made up by 
a fresh supply, the water temperature is that of the wet bulb throughout the 
process Even m those cases where entirely fresh water is used, the wet 
bulb temperature is soon reached unless the supply be unusually hot or cold 
Consider such a chamber of length L (feet), and cross-section A (sq ft ), 
into which G lbs of bone-dry air of humid heat s enter per minute, and 
m which IS produced a spray of such character that the total surface area 
(sq ft ) of all the drops contamed per unit volume (cu ft ) of the chamber 
IS a Consider any section at right angles to the direction of flow of the air 
of thickness dL The volume of this section is A dL and the area of the 
drops contained therein is A a dL If the temperature of the air at this 
pomt be ^ (° F ) and of the water (° F ) the quantity of sensible heat 
transferred from the air into the water per unit time is expressed by Newton's 
law 


dq = {h) (aAdL) (t-Ty,) (a) 

* The use of this equation comphcates the solution of the problem, and 
since 5 vanes only shghtly, it is advisable to assume it as constant. 
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Since this heat comes from the cooling of the air, 

dq= —Osdt (b) 

Equatmg the sensible heat removed fiom the air to that transferred to the 
water gives 


dt haA dL 


In such a system, under definite operating conditions, each factor in the 
coefficient of dL will remain constant, and for convenience may be written. 


or 



dt 


= —cdL 


id) 

(e) 


Inasmuch as the wet bulb temperature, Tw, is constant throughout the 
chamber, it is possible to integrate directly between the limits of and U, 
0 and L givmg 


lUe 



= ^cL, 


(/) 


where and t 2 denote the temperatures of the air at the inlet and exit of 
the apparatus respectively, and L the total length of the spray chamber 
This last equation may be re-written 


(^2 _-^-cL 

(ti-TU) 


(9) 


If both sides of the equation be subtracted from unity, givmg. 


{il ~ TU) 


-1—e 


(h) 


it is seen that the cooling secured m an actual apparatus, divided by that 
possible for the same air m a perfect humidifier, is a constant for the given 
apparatus and conditions Smce a perfect chamber would produce abso- 
lutely saturated air, this last expression is called the fractional humidification 
of the given installation, or more frequently, when multiphed by 100, the 
per cent humidification 

Combming Eqs (d) and (/), one obtams 



where V is the total volume of the system 
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If one writes 


q^Gs (ti -^ 2 ) =haV (t- Tw)a.v, (j) 

by analogy to the integrated form of Newton’s law for heat transfer, where 




In. 


k-~Tw 

h-'Ty) 


{k) 


it IS seen that a combmation of Eqs (j) and (k) give Eq (^) which was 
derived from the calculus foi humidification This confirms the statement 
in the text that Eq (5) is merely another form of Eo (1), and justifies 
the use of the logarithmic mean temperature difference 



CHAPTER XVI 


DRYING 

PART ONE METHODS OF DRYING 

Introduction. — Although the term drying may have a peculiar 
significance m a few specialized industries, in general engineering 
practice it may be taken to mean the removal of water from a 
system or structure, when the amount of water present is com- 
paratively small For purposes of study the subject matter may 
be classified from a number of different points of view 

The material to be dried may be either a gas, a liquid, or a 
solid. If a gas, the water may be carried simply as vapor, or in 
addition it may be present m the form of a spray or fog. If a 
liquid, water is removed by drying only when present in small 
amounts, otherwise the process is described as evaporation or 
distillation Thus fusel oil, alcohol or acetone may be “ diied 
by removing the water therefrom. In solids the amount of water 
may vary from a mere trace to the large amount present m fresh 
fruit or in a glue jelly 

As the moisture leaves a wet solid there is often a tendency 
for the structuie to dimmish m volume, or shrink. If great care 
be not taken this shrinkage will not be uniform, and cracking 
or vrarpmg results, which deteriorates the product. Examples of 
this action are found m timber and unburned pottery. Or, if a 
material be dried under tension and lateral shrinkage prevented, 
the structure loses its strength Such is the case when paper is 
dried on certain machines as compared to that slowly dried m a 
loft. Many materials such as eggs, fruit, or milk must be dried 
rapidly at as low a temperature as is practical, in order to pre- 
serve their characteristic flavor and the other valuable proper- 
ties they possess. Some substances deteriorate when allowed to 
remain for a considerable length of time in a wet condition. 
Material, such as glue, starch, and sugar, cannot be heated while 
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wet owing to the solvent action of the water upon them. Many 
substances containing water of crystallization cannot be dried 
under ordinary conditions because of a loss of all or a portion 
of this water These widely varying conditions may be cared for 
in drier design by considering the rate of drying, condition of the 
drying medium, and the nature of the exposed surface Each 
of these factors is complex, and will be discussed m detail later 

Methods of Drying— The available methods of drying are 

1. Deposition of the moisture either as water or ice 

2 Decomposition of the watei* 

3 Chemical precipitation 

4. Absorption 

5 Adsorption 

6. Mechanical Separation. 

7 Vaporization 

The completeness with which dryness can be effected by any 
process depends upon the factors controlling the equilibrium 
conditions then obtaining. These will be considered as each 
method is discussed. 

1. Deposition of the Moisture as Water or Ice —When con- 
densation takes place in a gas it is obviously the reverse of vapori- 
zation and depends upon the same fundamental considerations 
The clumsy term dehumidification has come into general use for 
operations of this character and the subject has been treated 
together with humidification processes. The Gayley dry blast 
for smelting iron is an example of the large scale application 
of this idea. 

Water may be removed from liquids by converting it into ice 
and in this form separating it fiom the portion having a lower 
freezing point The alcoholic content of a liquid possessing a 
delicate flavor can m this way be readily increased Fruit juices 
are concentrated by cooling with agitation, and subsequently sepa- 
rating the ice crystals by passage through a centrifugal machine. 

The amount of moisture remaining in air dried by cooling 
depends upon the temperature to which it is cooled. Also m the 
case of a liquid it depends upon the temperature reached, but is 
limited when an eutectic mixture is formed. 

2. Decomposition of the Water. — When a small amount of 
water is held m either a gas or a liquid, it may be removed by 



DRYING 


483 


decomposing it and separating the products formed Thus 
ether is dried by placing it in contact with metallic sodium 
The caustic soda formed clings to the surface of the metal and if 
separated will eventually settle out Certain circumstances 
allow of using other water-decomposing agents such as the car- 
bides, and nitrides Here the completeness of the process is 
largely a function of mechanical agitation of the liquid and the 
reacting substance. The vapor pressure of water with which 
the substances formed are in equilibrium is so small as to be 
negligible 

3. Chemical Precipitation. — Somewhat larger amounts of 
water may be advantageously withdrawn in the form of a chemi- 
cally combined precipitate. Thus lime forms calcium hydi oxide, 
anhydrous sulphate of copper or sodium takes on water of crystal- 
lization and separates from the liquid The amount of water 
remaining in the liquid is controlled by the vapor pressure of the 
hydroxide, or the crystalline substance formed Phosphorus 
pentoxide and calcium chloride may be used for drying gases, and 
for liquids in which they are insoluble, again the completeness of 
drying is limited by the vapor pressure of the resulting hydrated 
substance. 

4. Absorption. — In some technical processes water is removed 
from a material by the capillary action of porous bodies Thus 
the cream of clay and watei used for casting pottery is deprived 
of the greater part of its water by placing it in molds of plaster 
of pans. The capillary character of this mold withdraws the 
water from the liquid clay mixture and deposits upon itself a 
layer of solid clay, the thickness of which is controlled by the time 
of standing. Certain types of candies, such as gumdrops, are 
dried mainly due to contact with the starch molds in which they 
are cast. The drying effect of sponges, towels, and materials of 
this kind is due to this same action 

5. Adsorption. — The wonderful ability of certain substances 
to adsorb moisture makes possible the application of this process 
for drying gases, and to some extent also liquids See pages 630 
to 721 

6. Mechanical Separation. — Some materials are of a spongy 
nature and hold by capillarity large quantities of moisture which 
may be expelled by pressure alone When such is the case it is 
evidently desirable to so get rid of as large a percentage as possible 
before passing to other more expensive methods. This may be 
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readily accomplished m many cases (textiles, wool, gram and the 
like) by centrifugal force (See p 354 ) Or a positive pressure 
may be exerted by a screw as is shown in Fig 108.* 

7. Vaporization. — By far the most important processes for 
drying liquids and solids depend upon first vaporizing the water 
and in this form separating it from the structure of which it 
formed a part. If air or some inert gas be used to carry away the 
water vapor formed, the piocess is called Air Drying If the 
vapor be passed to a condenser, a pump being employed to with- 
draw the an from the apparatus, the process is spoken of as 



Fig 108 — Screw Press 


Vacuum Drying By far the greater proportion of this chapter 
is devoted to drying by means of vaporization. 

PART TWO . GENERAL PRINCIPLES OF DRYING BY VAPORIZATION 

INTO A GAS 

General Considerations. — Every solid and liquid substance 
exerts at any definite temperature a perfectly definite vapor 
pressure If the substance be a mixture, each component exerts 
its own particular and definite vapor pressure These separate 
or partial pressures are additive and together make up the total 
vapor pressure of the substance. If the component parts of a 
mixture are mutually soluble the partial pressure of each com- 
ponent will be thereby somewhat decreased The vapor pressure 
of liquids increases as the temperature rises and obviously there 
will be some definite temperature at which this vapor pressure 
equals the pressure of the atmosphere. At this point the vapor 
of the hquid will continue to form, and not only diffuse but actu- 
ally push back the atmosphere into space, maintaining as total 


Courtesy of American Process Co 
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pressure the atmospheric pressure then existing The hquid is 
then said to boil and this temperature is called its boiling point. 
As the pressure of the atmosphere vanes, clearly the boiling point 
of a liquid will vary also 

These elementary conceptions are so essential to a ready 
understanding of the discussion which follows that the reader is 
referred to pages 380 to 387, for further exposition of them 

As the science of drying developed, there were adopted a 
number of expressions which at times vary in their meaning from 
that which normally attaches to them A full discussion of these 
definitions is given in the chapter entitled Humidity and Wet and 
Dry Bulb Thermometry (See pp 441 to 443 ) 

Mechanism of Air Drying of Solid Materials 

The discussion of the Mechanism of Vaporization of Liquids 
Suspended m Air (pp 443 to 444) has shown the influence of the 
temperature and humidity of the air with which pure water is 
in contact upon its rate of vaporization, it will develop later 
that the velocity of the air past the water surface is also a 
factor of importance It wiU now be shown that, when water is 
admixed with other materials, the composition and form of the 
mixture profoundly modify the evaporative rate. In order to 
determine the effect of changing value of these new variables, 
they will first be studied under constant drying conditions. 

Most solid materials to be dried exist in either sheet or lump 
form with the water ^ from which they are to be freed disseminated 
throughout the mass. The mechanism of removal of this water 
IS somewhat complicated, but must be thoroughly understood in 
order to appreciate the factors controlling the drying of such 
materials. 

For the sake of definiteness consider the drying of a sheet 
material freely and equally exposed to the drying air on both 
sides of the sheet The sheet will be assumed so large in compari- 
son to its thickness that the drying from the edge of the sheet 
may be neglected, as compared to the drying from the faces of 
the sheet. It will be assumed that, initially, the water is uniformly 
distributed throughout the thickness of the sheet. As soon as 

^ Although water is the hquid used m this discussion, it should be remem-- 
bered that a similar treatment apphes to other liquids 



486 


PRINCIPLES OF CHEMICAL ENGINEERING 


the sheet comes into contact with the drying an, evaporation 
will start at the suiface, and the concentration of watei on the 
surface will therefore dimmish. This will cause a difference in 
concentration between the interior of the sheet, which is still wet, 
and the surface, which has been partially dried by evaporation 
In consequence of this concentration difference, there will be a 
flow of liquid water hy diffusion from the interior of the sheet 
to the surface, to replace that lost by evaporation from the surface 
These two piocesses, le, evaporation from the surface, and dif- 
fusion through the sheet from the interior to the surface, will go 
on simultaneously until the drying operation is suspended, or the 
sheet has come into equilibrium with the drying air In some 
cases, surface evaporation is the controlling factor in drying, 
w^hile in others the resistance to diffusion of the water from the 
interior to the surface limits the rate of drying In any case, 
it IS essential to keep in mind the part played by each of these 
processes m order intelligently to control the drying operation. 

Diffusion of Liquid Limiting Factor. — The importance of these 
two processes will be appreciated from the following illustra- 
tions Wet, green wood must be dried prior to use. During the 
drying it shrinks. If the surface evaporation be excessively 
rapid, the surface becomes very dry while the interior is still 
impregnated with moisture, i e , there is set up a large gradient 
m moisture concentration from the interior toward the surface 
The surface shrinks owing to the evaporation of its moisture, and 
is put under high tension because of the incompressible character 
of the wet interior. If the surface shrinkage is excessive, this 
results in rupture of the surface with the production of cracks 
or checks which ruin the lumber for finer uses. In drying such 
lumber it is therefore essential to avoid setting up too large a 
concentration gradient between the surface and the interior, and 
this IS done by employing the highest safe rate of diffusion and 
making the rate of surface evaporation commensurate to the rate 
of diffusion of water ^ Exactly the same applies to the drying of 
articles molded from wet clay in the ceramic industry. 

Surface Evaporation as Limiting Factor. — In the drying of 
paper, chrome leather, and sinodlar materials, the sheets possess 

^ For the method of securing rapid drying without creating an excessive 
gradient through the stock, and hence without producing checking, see 
p. 493 
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a finely fibrous structure which distributes the moisture through 
them by capillary action, thus securing very rapid diffusion of 
moisture fiom one point of the sheet to another This means 
that it IS almost impossible to remove moisture from the surface 
of the sheet without having it immediately replaced by capillary 
diffusion from the centre The drying of such sheets is, there- 
fore, essentially a phenomenon of surface evaporation. 

Mechanism of Surface Evaporation. — In any case, the phenom- 
enon of surface evaporation is a diffusion of water vapor from 
the surface of the sheet through a relatively stationary air film 
in contact with that surface to the surrounding air, into which 
further dissemination is rapidly effected by convection As 
emphasized elsewhere^ a solid in contact with a gas has on its 
surface a relatively stationary film of that gas which selves as 
an insulating layer between the gas and the solid This film is 
relatively thick when the motion of the gas is slight, but with 
high velocity of the gas past the solid surface the thickness of this 
film rapidly decreases, the film never, however, disappearing 
In the case of the evaporation of water from a wetted, solid sui- 
face into air, the inner layer of the air film in contact with the solid 
IS maintained saturated with moisture as long as the moisture 
content of the sheet is sufficient. If the outer air surrounding 
the body is unsaturated, this means that there is a partial pies- 
sure gradient of water vapor from the surface of the sheet out 
through the stationary film to the outer air, and owing to this 
gradient, water vapor diffuses fiom the sheet outward. Vapor 
reaching the outside of the air film is disseminated by convection 
throughout the mass of the surrounding air at a rate so great, m 
comparison with the rate of diffusion through the stationary air 
film, that concentration differences of water vapor in the sur- 
rounding air may be neglected 

Factors Controlling Surface Evaporation. — According to New- 
ton^s law of diffusion, the rate of diffusion (weight per unit of 
time) of any gas varies directly as the cross-sectional area of path 
(taken at right angles to the direction in which the gas is diffus- 
ing), directly as the difference of pressure of the gas at the two 
points in question, and inversely as the length of path. The rate 
of diffusion of water vapor from the surface of such a sheet out 
through the air film on its surface will therefore be 
1 See pp 36 to 42. 
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(а) directly proportional to the exposed area of the sheet, 

(б) mversel}^ proportional to the thickness of air film, and 

(c) diiectly proportional to the difference in pressure between 
watei at the tempeiature of the inner film surface and the partial 
pressuie of water vapor m the surrounding air As pointed out 
clsewheie (p 443), the sheet tends, as long as it remains sufficiently 
wet, to assume the wet bulb temperature of the air in which it 
exists, so that, for given conditions of the dr3ung air, the driving 
force causing diffusion, A;?, is known The thickness of the air 
film, %.e , the distance through which diffusion must take place, 
is not known, it is, however, a function of velocity, decreasing 
with increasing velocity, the diffusion, therefore, increases as the 
velocity goes up 

Inasmuch as the evaporation of water is accompanied by a 
definite and large absorption of heat, this heat supply must be 
maintained in order that evaporation may proceed This heat 
supply must, m general come from the surrounding air by con- 
duction^ through the air film, and is proportional to the tem- 
perature difference Since this heat supply exactly compensates 
for the evapoiation, the temperature difference between the air 
and sheet must be pioportional to the pressure difference of water 
vapor between the sheet and air This is merely a reiteration 
of the principle developed in the discussion of wet and dry bulb 
thermometers. 

Effect of Vapor Pressure Lowering. — Since the rate of drying 
is pioportional to the difference between the vapor pressure of 
the liquid and its partial pressure m the surrounding space, it 
follows that material which is appreciably soluble in the liquid 
with a consequent vapor pressure lowering in the liquid, will 
diy more slowly than one which is insoluble. Thus sand carry- 
ing a definite weight of water will dry moie rapidly than 
common salt of the same water content, other things being 
equal. 

Effect of Adsorption. — It is well known that certain materials 
contain definite, and sometimes appreciable, percentages of mois- 
ture when exposed indefinitely to air of a given temperature 
and humidity This water is probably adsorbed, in any event 

I This IS not the case where radiant heat is employed, or where the stock 
IS m direct contact with the heating surface However, the above discussion 
deals with air drying 
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it represents a tiue dynamic eqmlibimm Fig 109^ shows the 
per cent equilibrium moistuie of textiles plotted against the per 
cent relative humidity ot an at vaiious tempeiatuies Foi all 
materials investigated^ the shapes of the cuives are similai to 
those shown in Fig 109 and the per cent equilibrium moistuie foi a 
given per cent relative humidity always decreases as the temper- 
ature rises However, raising the temperatuie produces only a 
slight decicase m the per cent equilibrium moisture, and hence 
interpolation between curves at two temperatures is satisfactory 
At the per cent relative humidities ordinarily encountered the 
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Fig 109 — Humidity-moisture Equilibrium Curves for Textiles 

percentage of adsorbed water is appreciable in the ’Case of certain 
amorphous organic substances, such as cotton, silk, wool, leather, 
paper, flour, and the like. Only the moisture m excess of that 
adsorbed, namely the total minus the equilibrium moisture, is 
subject to removal For more complete drying, high tempera- 
tures or very dry air is necessary 

PART THREE DRYING APPARATUS AND AUXILIARY EQUIPMENT 

The two fundamental factors controlling the rate and com- 
pleteness of dr 3 ung, namely the supply of heat and the removal 
1 Data from M T Schloesing, Jr , Bull soc encour %nd nat , 1893 
2R E Wilson and T Fitwa, J Ind, Eng Chem , 14, 913 (Oct , 1922) 
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of the vapor formed, have been presented^ as a basis for drier 
design and operation, but without regaid to the naechanical 
means for making these factors effective. Unless the source of 
heat be the sun, and the removal agency be the natuial air cur- 
rents, it IS clear that an enclosing structure must be provided, 
and that the material to be dried must be moved into and out of 
this structure A discussion of the driers now commercially 
available will therefore be presented, first from the point of view 
of the method of moving the material and air in the drying en- 
closuie, and second,^ the method of supplying heat for the 
drying operation 

Intermittent vs. Continuous Driers. — In most forms of 
driers, the operation can be either intermittent or continuous, 
that IS, the chaige may be placed in the enclosure and allowed 
to remain there until dried, then removed and its place taken 
by a flesh chaige, or, the charge may pass through the enclosure, 
entering one end wet and coming out the other end dry 

The advantages attaching to an intermittent drier are economy 
in construction, simplicity in operation, and opportunity for vari- 
ation of the drying conditions It is easy to build and inexpensive 
to maintain, and for experimental work or small installations it 
has these points to recommend it On the other hand, in almost 
every industry, continuity of operation offers marked advantages 
in routing material in process through the plant, and in lower 
labor costs m transporting and working the same But in air 
drying, continuous operation has two additional advantages 
so great that intermittent drying is justified only when the 
amount to be handled is small, or the most exact control of the 
drying conditions is required. 

In the first place the heat economy of an intermittent drier 
IS very poor. While the thermal efficiency at the beginning of 
the operation is high, the hot dry gases quickly taking up a large 
amount of water from the wet stock, the rate of evaporation 
rapidly decreases as the water content of the stock tails The 
result IS that the heat content of the circulating air is utihzed to a 
small and decreasing extent as the drying proceeds. Second, an 
intermittent drier is irregular in its action, producing as a rule 
non-umform product The material in immediate contact with 
the hot dry air as it enters loses its moisture more rapidly than 
1 See pp 386 to 387 =* gee pp 509 to 510, 
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that m contact with the cooler and more humid air leaving the 
apparatus This results in either removing the product while a 
portion IS but partly dry, or in reducing the capacity of the drier 
by retaining a part of the material after it is completely dry In 
any case continual attention on the part of the man m charge is 
demanded, necessitating an operator of the grade and with the 
wage scale of an inspector Even then a continual error of judg- 
ment IS introduced, which, with continuous operation and auto- 
matic control, IS eliminated. 

It IS none the less possible by the use of an intermittent drier 
to secure more exact control of the drying conditions throughout 
the drying schedule than m any other way. On this account 
such a drier is recommended for those cases in which the drying 
rate must be continuously varied throughout the drying period, 
as m drying lumber, to prevent, case hardening and the 
resulting evils of cracking, warping and the like. (See pp. 493 
to 495 ) 


DESCRIPTIVE CLASSIFICATION OF DRIERS 


For the purpose of discussing the method of moving the 
material to be dried and the air for drying, the following classi- 
fication of driers is made: 


A. Intermittent Driers 


B. Continuous Driers 


'Loft 

Compartment 

Chamber 

Cabinet 


Tunnel 

Drum 

Rotary 


Spray Driers 


Parallel Current 
Counter Current 
Atmospheric Pressure 
Vacuum 
Parallel Current 
Counter Current 
Reversed Current ^ 
Vacuum 

j Hot Air 

Atm Press \ Superheated 
\ Steam 


Vacuum 


^ A combmation of parallel and counter-flow. 
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A. Intermittent Driers 

Since the rate of drying is proportional to the area exposed 
per unit of weight, it is advantageous to so dispose the mateiial 
that aU sides will be effective m evaporation This is usually 
accomplished by hanging sheet mateiial from hooks or bars 
and by supporting lump or gianular material upon perforated 
trays or shelves These trays may be either placed on supports 
in the diymg chamber, or held m a framework on a truck which 
can be run into the chamber The latter method has the 
advantage of being easier to load and unload, the entire truck 
being mechanically turned on its side for the latter operation 
Fiequently transpoitation thiough the plant may be effected 
while the mateiial is loaded foi the drying operation 

Loft Driers. — The simplest form of drying chamber is a room 
or loft containing steam coils arianged in various ways within 
it Such have been used in the past for drying writing paper, 
leather, fibre board and products of this type These driers are 
bad from many standpoints First, it is impossible to secure 
uniform distribution oi heated an if the loft be of any size 
There will always be air pockets and channels wheie the velocity 
will be either negligible or excessive This makes uniformity of 
pioduct impossible unless all the material is allowed to remain until 
the slowest drying is finished, greatly cutting down the capacity 
of the drier. If that which is dry be removed and a fresh charge 
introduced, the drying of that nearly complete will be interfered 
with by the excessive moisture content of the air passing over the 
wet stock The labor cost of constant inspection and the floor 
space required aie factors not to be overlooked 

Cabinet, Compartment and Chamber Driers.— However, 
where a material must be dried very slowly to produce the best 
results, as in fine writing paper and heavy sole leather, a drier 
of this type pioduces a high grade of product. The above dis- 
advantages may be overcome at a low cost by building the drier 
m small compartments or chambers arranged around a central 
exhaust, and causing the air to be circulated in accordance with 
the principle of the ring furnace. (See p. 230 ) This will secure 
practical continuity of operation, excellent distribution of the 
heat and drying air, and a lower labor cost 
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When the mateiial is lumpy or gianular, or if it cannot be 
supported by hooks oi bars, trays or racks are employed and these 
placed as a rule in a smaller space usually spoken of as a cabinet 
or compartment For small self-contained installations chamber 
driers as shown in Fig 110 are very satisfactory, and can be readily 
installed and operated However, their overall efficiency is poor 
compared to a continuous drier 

Lumber must be dried m accordance with a definite time 
schedule, the temperature being the maximum and the humidity 
the minimum that the stock will bear without injury, to secure 
lapid diffusion with a limited concentration gradient through the 
stock The drying conditions vary with the species and with the 



Fig 110 — Gordon Tray Drier 


thickness of the stock, a characteristic schedule being given in 
Fig IIP The air temperature is marked T, the dew point D, and 
the per cent relative humidity H 

The maintenance of this schedule is most easily effected by 
intermittent operation of the chamber or kiln employed A mod- 
ern type of kiln is shown in Fig lllA.^ The kiln is enclosed 
and the drying air recirculated by natural convection, the lumber 
being slanted to utilize the increase in density of the air with 
evaporation to facilitate the movement The air leaving the 
pile is partially dehumidified by the water spray F and then 

iH D Tiemann, ^‘The Kiln Drying of Lumber,” J B Lippmcott Co , 
Phila , 1917 

2 Tiemann, loc cit . 
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reheated by the steam pipes H The drying conditions are con- 
trolled by two thermometers inserted below and above the steam 
coils, the former showing the dew point and the latter the dry 
bulb temperature of the dr3ang air. 

The two dotted curves in Fig 111 show the moisture content 
of the wood at the points where the air enters the pile and leaves it 
The horizontal distance between these two curves is the ^Mag 
m drying caused by the increase m the moisture content of the 



Drying Conditions Suitable for One Inch Red Gum, Black Gum and Black Walnut 

Fig 111 — Drying Schedule for Wood 

air as it passes through the pile. This emphasizes the inadequacy 
of natural circulation m such a case Higher air velocity, or 
periodical leversal of its direction of flow, would dry the whole 
pile at the fastest rate allowable. 

Attention is called to the care exercised in the design of this 
kiln to prevent air circulation other than through the pile and 
to secure uniform distribution of the air through the stock. 

Drying in Vacuum. — In the driers so far described, air is used 
to carry away the water vapor from the drying material When 
the nature of the product is such that it cannot be maintained 
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hot in contact with air, or when drying at a low temperature is 
imperative, or when it is desired to condense and recover the 
liquid volatilized, vacuum driers are employed These are either 
shelf or drum driers enclosed in an air-tight vessel strong enough 
to sustain an external pressure of 15 lbs per sq in , or a rotary 
drier in which may be maintained a diminished pressure The 
air and any fixed gases entering with the material to be dried 



Fig lllA — Diagram of the Tiemann Water Spray Humidity Regulated 
Dry Kiln (Cross-sectional elevation ) 


are exhausted by a pump, and the vapor formed is led to a 
suitable condenser. Direct-heated shelf driers are of simple 
construction, the heat being introduced by means of steam coils 
and plates on which the trays are supported. They cannot 
easily be made continuous 

B Continuous Deiers 

Tunnel Driers. — It is evident that if the hooks, bars, or 
trays, on which the material is supported be moved through. 
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the drying space that the operation becomes continuous. The 
space will then be made long m relation to its cross-section and the 
apparatus is spoken of as a tunnel driei (Fig. 112^) Instead of 
moving the stock by supports placed on trucks, it may be pro- 
pelled on an endless belt or moving platform, or other type of 
traveling conveyor (Fig, 113) 



Fig 112 — Tunnel Drier. 


The heated drying air may be made to pass in the same 
direction as the stock, parallel flow, or it may pass in a direction 
opposite to that of the stock, counter-current flow. It is obvious 
that for efficient use of the heat and moisture-carrying capacity 
of the air the counter-current method is in every way superior 
and should be used When, however, it becomes necessary to 
have the stock leave the drier with a definite amount of moisture, 
or when so-called case hardening of the material is liable to 



occur, parallel flow gives a more satisfactory control of the tem- 
perature and humidity obtaining throughout the operation. 
Whenever allowable heating elements (usually steam pipes) 
should be distributed through the space so as to keep the air at 
such a temperature that a satisfactory rate of evaporation may 
be obtained without overheating the product or causing undue 

^ Courtesy of Drying Systems, Inc 
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loss of heat in the discharged matciial Tunnel driers are in- 
creasing in popularity as they are not expensive to construct 
and aie satisfactory in operation and pioduct 

Drum Driers for Solids. — When the mateiial to be diied is in 
the form of a continuous web, as for example paper or cloth, it is 
generally diied by passing it over steam-heated cylinders or 
drums, — either by itself or held to the drum by an endless felt 
The temperature of the sheet may be maintained near the boiling 
point of water and since m passing over successive drums it is 
heated on alternate sides very lapid evaporation is effected. In 
Older to increase the capacity of such a system, sometimes a 
blast of warm air is directed on the stock In a senes of drums 
of the same diameter running at uniform speed, the linear 
velocity at a point near the wet end is the same as one at the 
dry end If the material tends to shimk m drying, it must 
evidently suffer mechanical elongation of the sheet equal to the 
natural contraction of the material Thus paper dried on a 
rapidly driven continuous machine has less tensile strength than 
the same stock dried slowly in a loft where it is free to shrink as 
the water leaves it. Apparently the difficulty could be met by 
rotating succeeding drums at a decieased rate of speed, or in 
making the drums with a successively smaller diameter 

Drum Driers for Liquids. — Many finely divided materials are 
of such character that when supplied m the form of a thick cream 
or mush they cling to the surface of a heated drum (Fig 114) and 
are dried while the drum makes one revolution Since the surface 
of the drum is the only source of heat it is clear that it should be 
maintained at as high a temperature as the material being dried 
wiU tolerate The thickness of the layer of material is regulated 
by a scraping knife or doctor'^ on the feed side, and the dry 
product IS removed from the surface of the dimm by a similar 
mechanism 

For a veiy large output of material the surface may be hori- 
zontal and the diier takes the form of rotating disk or plate on 
which the material is fed through a slit fiom above. The dis- 
charge IS effected by scraping the surface towards either the 
center or the periphery of the disk, or by a “ doctor ” which lifts 
the layer to a platform from which it is removed by a screw con- 
veyor These driers may be enclosed to prevent dusting or con- 
tamination of the air with poisonous materials. 
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When a low temperature is necessary, and yet rapid drying 
must be effected, drum driers are placed within heavy walls and a 
vacuum maintained 

Since the rate of evaporation is dependent upon the rate of 
heat flow through the drying layer, it is evident that if a low tem- 
perature IS to exist on the heating surface, the vapor pressure of the 
evaporated liquid m the surrounding space must be kept low. 
By maintaining a very low air pressure in the drier, an efScient 
condenser, and a thin film of material on the drum, material such 



Fig. 114 — ^Atmospheric Drum Drier for Liquids 


as whole milk may be dried at a very low temperature and yet 
with considerable rapidity If the material will tolerate a high 
temperature, it is clear that exceedingly rapid drying can be 
effected by using high-pressure steam and maintaining a high 
vacuum. 

The construction of a continuous drum or rotary vacuvm 
drier is a complicated matter, as provision must be made for 
supplying the feed material and taking away the dry product 
without breaking the vacuum. 

Rotary Driers. — The method of transporting material through 
a cylindrical reaction chamber by rotating the chamber on its 
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horizontal axis with the dischaige end slightly lower than the 
feed end is admiiably adapted to the design of driers for handling 
ail graniilai, crystalline or lumpy material which docs not under 
this motion run together oi roll itself into laiger unit pieces If 
the material is not injured by being in direct contact with the 
products of combustion of fuel, flue gases may be led directly 
through the cylinder, and very rapid evaporation realized 

Lifting plates or shelves may be fastened to the inside of the 
cylinder, or shell, running thiough its entire length parallel to the 
axis and extending radially towards the center The rotation 
of the cylinder continually elevates the material and throws it 
through the current of hot gas or air, the inclination of the shell 
moving the charge forward. 

A simple form of such a rotary drier consists m a single shell 
made of heavy steel plate suppoited on steel tires riveted to it, 
which rest on rollers held m suitable bearings very much as a 
cement kiln or a tube mill It is driven by a gear fastened 
to the shell which engages a pinion keyed to a driving shaft 
The discharge end of the drier is placed in diiect contact with 
a furnace, and the flue gases drawn through the duei either by 
a stack or a fan A fan is preferable to a stack because m the 
latter the gases must be so hot in order to maintain the draft 
that much heat is earned out of the apparatus, and so far as dry- 
ing IS concerned, unused An exhaust fan permits excellent con- 
trol of the supply of heated gases and therefore produces a more 
uniform product The installation should be so arranged that in 
case the drier for any reason stops, the flue gases may be by-passed 
to a stack and excessive heating avoided. If it is desired to cal- 
cine the product as well as dry it, the shell may be lined with 
fire brick and both operations carried on in the same apparatus 

Counterflow — In an arrangement of this kind the hot dry 
gases from the furnace meet the charge as it leaves the drier, 
rapidly taking up any moisture that still repiains in it These 
gases leave the drier when in contact with the cold and wet charge, 
thus fully utilizing their heat and moisture-carrying capacity. 
This IS as it should be But there may be two disadvantages to 
this counter-current arrangement. First, the charge may be 
heated excessively, and possibly ignited or otherwise injured 
(as for example, coal) , and even if it does not suffer from the high 
temperature, heat is carried away with the hot charge and lost. 
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Second, there is a minimum of heat at the feed end where the 
greatest amount is needed for preheating the entering cold charge 
and effecting prompt evaporation Thus a mateiial originally 
lumpy, may carry so much moisture that a very slight increase 
in water content through condensation from the air will i educe 
it to a paste or make it ball together In counter-current flow 
the air can become so saturated with moisture in the middle or 
evaporating zone that it will deposit water when it strikes the cold 
incoming charge. It is in this case necessary to sacrifice the heat 
economy of the apparatus to make it operative, if at the same 
time it is to remain “ fool-proof '' The difficulty may be met by 
feeding the drier at the furnace end, t.e , by the use of parallel 
flow The fresh charge now comes in contact with ^the hot dry 
gas and later condensation upon it through a fall in temperature 
is avoided. If, in counter-current flow the above condition is 
met it may be remedied by either increasing the flow of air 
through the drier, or cutting down the rate of feed. 

Parallel Flow — It is sometimes desirable to reduce the mois- 
ture content of a material from a high to a low but definite content, 
and not to dry below this value In this case parallel flow offers 
marked advantages, m that it is possible to so regulate the amount 
of entering flue gas that on account of the resulting humidity 
and temperature of the exit gases, the moisture content of the 
chaige cannot fall below the predetermined amount 

Reversed Current — A combination of the good points of both 
systems of flow is obtained by passing the flue gases along the out- 
side of the shell parallel to the charge, and bringing them back 
in the inside counter current to and in contact with the charge. 
Although the coefficient of heat transfer from the gas to the 
shell and through this to the charge is smaller than that directly 
from gas to the charge, nevertheless owing to the great tempera- 
ture difference at the feed end of the shell, the gas is here materi- 
ally cooled and t^e charge heated The gases meeting the 
finished charge at the discharge end are still dry, but so reduced 
in temperature that no ill effects are suffered It should be noted 
that even m this type of drier the loss in heat through the dis- 
charge of product at a high temperature is frequently very large, 
and should not be overlooked 

When the drier is placed in the flue from the furnace the flue 
gas velocities are, m ordinary practice, low, resulting m a low 
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coefficient of heat transfer to the shell. This objection may be 
met by constructing the flue so as to be concentric with the shell, 
at such a distance from it that the velocity of the furnace gases 
along its surface is relatively high. (See p. 148 ) This will reduce 
the resistance to heat flow as far as possible, and furthermore re- 
duce the area and hence the heat loss from the outside of the flue 
Or, two concentric cylmders may be employed, feeding the charge 
into the space between the shells and passing the flue gases down 
through the center of the drier parallel to the charge, and back 
between the shells counter-current to it, Fig 115 Radiation 
is reduced by placing the hottest gases on the inside, but obviously 
a greater heat transfer would be obtained from gases outside a 
single shell, due to the much greater area exposed, provided the 



Fig 115. — Ruggles-Coles Reversed Current Drier. 


gas velocity be kept high by proper flue construction as above 
indicated This also results in cheaper and more substantial shell 
construction 

Notes on Rotary Driers , — Rotary direct-fired driers, both 
single and double pass as above described, are suitable for drying 
all materials occurring m aggregates which are not injured by 
contact with flue gas, or by the relatively high temperature of 
these gases coming direct from the furnace. Such materials are 
ores, coal, cement rock, phosphate pebbles and many products 
of this kind- Where contamination with dust must be avoided, 
hot air may be used instead of flue gases. 

The capacity of such driers is limited by that velocity of the 
gas in contact with the charge which is allowable without blowing 
the stock from the drier. This allowable velocity must be deter- 
mined for each specific material to be dried Great advantage 
results from using entering gas at high temperature, since this 
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enables each pound of gas to pick up a much larger amount of 
water, thereby reducing the necessary gas consumption, and 
therefore greatly increasing the capacity without exceeding the 
allowable gas velocity For materials uninjured by heat the 
temperature of the gas is limited by the danger of warping and 
corroding the shell. Entering gas at 1400° F can be employed 
without danger in this regard, especially if the temperature of the 
shell at the point of gas entrance be kept down by contact with 
the wet charge as m parallel current and reverse-current operation. 

Such driers cannot be operated with sticky materials Mater- 
ials sticky while wet, but non-sticky and reasonably absorbent 
when diy, can be successfully handled in such rotary driers by 
shunting a poition of the dry, discharged material back to the 
feed end of the drier and mixing it there with the wet material 
in such proportion as to absoib its moisture sufficiently to render 
it non-sticky. The mixture then passes thioiigh the drier with- 
out “ balling up or sticking to the sides The amount of dry 
discharge wffiich must be retmned for admixture with the wet 
stock is determined experimentally for each individual case 

In diying certain other materials such as fullers’ earth for 
filtration purposes, kaolin, ocher and products used for pigments, 
it IS not permissible to use direct firing In this case a single- 
pass indirect-fired drier is employed But such a drier may be 
fitted with flues or ducts on the outside shell through which the 
£ue gases return, and thus become a double-pass drier These 
ducts function as the shelves or lifting plates to distribute the 
charge through the drying space. When a relatively low and 
well-regulated temperature must be maintained as in drying 
brewers’ grains, cotton seed, cattle foods and other oiganic 
material, a bank of steam cods may replace the furnace, the 
drying taking place solely at the expense of the heat m the air. 
Or, steam pipes may be set in a header at the lower end of the 
drier and be carried its entire length parallel to the axis of rota- 
tion. The condensed water is drained into the header and by 
hollow trunnions is periodically expelled. For drying sand and 
materials used in glass and pottery, or other products which 
would be injured by the presence of rust, steam-heated rotary 
driers may be lined with wood 

Spray Driers. — It is sometimes desirable to evaporate a large 
amount of water and yet quickly produce a dry product. This 
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requires very rapid vaporization, necessitating the exposure of 
the largest possible surface at the highest allowable temperature 
When the material is not injured thereby, the liquid, preferably 
superheated, is sprayed under high pressure directly into a rotary 
drier together with the flame itself from an oil burner or the other 
source of heat employed m the drier. In place of radial shelves 



the drier should be fitted with loose chains hanging horizontally. 
These keep the suiface of the drier clear of adhering material 
The product may be so fine as to necessitate an au* separator for 
its total recovery. (See p. 329 ) Strong solutions of inorganic 
salts may be dried m this manner. 

If the material be partly organic, as for example, the concen- 
trated liquor from the soda, or sulfate process for making cellu- 
lose pulp, the rotary drier may also function as a furnace, and the 
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material be not only evaporated and diied but also calcined in the 
one operation 

Drieis have been proposed m which the material (solution or 
emulsion) is sprayed into a chamber through which superheated 
steam is recirculated, as in Fig 116 The heat transfer does not 
here take place under favorable conditions and therefore the use 
of such an apparatus is limited to the drymg of liquids sensitive 
to air when hot 

Superheated Vapor. — Superheated vapor as a means of 
carrying heat adapts itself admirably to the drymg of material 
which cannot come into contact with air, and which is itself a 
poor heat conductor. Thus where wool or leather has been 
degreased by treatment with naphtha it is hard to dry because 
of the difficulty m getting the heat necessary for the vaporization 
of the solvent fiom steam pipes or other heating surface into the 
mateiial. By circulating a cuirent of superheated naphtha 
vapor through the mass, the liquid naphtha is volatilized 
and carried out of the drier An amount of vapor equal to the 
liquid vaporized is continuously drawn off to a condenser, and the 
material left practically free from all naphtha vapor. This 
method of drying seems capable of wide application when the 
material is not so difficult to handle as the above, but where the 
liquid is to be recovered 

AUXILIARY OPERATIONS AND EQUIPMENT 

Most driers utilize air drawn from the loom, which is usually 
warmer than the outdoor temperature However, the drier m 
reality utilizes outdoor air, because artificial heat must be 
employed to bring the outdoor air up to room temperature, and 
any air taken from the room by the drier must be replaced from 
outside. In cold weather this means an excessively large heat 
consumption to bring the outdoor air up to the drier temperatuie. 
While the air thus seemed is very dry the advantage due thereto 
is not sufficient to compensate the large heat consumption neces- 
sary to warm it. 

Recuperation of Heat. — In order to avoid this difficulty three 
lemedies are available. The least satisfactory is the utilization 
of the waste heat in the exhaust air by a recuperator ” for pre- 
heating the incoming air. This method has the advantage of 



DRYING 


505 


conserving the low humidity of the outside air without sacrificing 
heat efficiency, but, owing to the very low coefficient of heat 
transfer from gas through metal to air fp 148) the size of the 
“ recuperator is excessive Furthermore, the water condensed 
from the moist, waste air may cause rapid corrosion of the 
cooling surface 

Recirculation of Air. — The second device involves the use of 
a closed air circuit m the drier, the wet exhaust air being dehumidi- 
fied by cooling, either by means of cooling pipes or by water 
sprays, this cooled air then being reheated and recirculated to 
the drier. When the waste air from the drier is nearly saturated, 
this system is highly satisfactory, when, however, the air traveling 
through the drier picks up but little moisture — a condition 
encountered toward the end of intermittent drying operations — 
the quantity of air which must be cooled and reheated is so large 
that the heat efficiency is very low. Under such conditions 
resort is best made to a third method, namely, the removal from 
the waste air of a proportion of it which is thoroughly cooled and 
dehumidified This dry fraction is then again mixed with the 
remainder of the wet air, reducing its humidity to the desired 
point by dilution. By this device it is possible to realize good 
heat economy 

Automatic Control of Air Temperature. — The maintenance of 
automatic contiol of temperature and humidity is of great impor- 
tance m drying operations. This is done by the utilization of 
thermostatic regulators, devices which consist of a sensitive ele- 
ment exposed to the temperature it is desired to control, and which 
pioduce some sort of physical effect that can be utilized to regu- 
late the heat supply Some regulators employ as the sensitive 
element a metal, the expansion of which operates the mechanism, 
others use the expansion of a liquid; others the change in resis- 
tivity of an electrical conductor, and so on. Some operate 
through direct mechanical devices while others function electri- 
cally Regulators can be obtained on the market which are simple 
m construction and maintenance, and which will easily control 
the temperature within five degrees Fahrenheit. Indeed, control 
within one degree is realized in commercial practice, though gen- 
erally the closer the control, the more complicated the mechanism 
and the more attention it will require. To avoid localized varia- 
tions in the conditions of the air, it is important to insure perfect 
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mixing of the air before it reaches the sensitive element of the 
regulator 

Automatic Control of Humidity — Theimostatie legulators 
operate solely to maintain a definite temperature They can, how- 
ever, be employed to maintain any desired humidity by utilizing 
them as wet and diy bulb thermometers If the sensitive 
element of a legulator be covered with a wick, kept moist, and 
exposed to air at a sufficiently high velocity, the element assumes 
the wet bulb temperatuie Any variation in the wet bulb tem- 
perature will cause the regulating mechanism to function 

If, for example, it be desired to supply a drier with air of 30 
per cent humidity at 100° F , it can be automatically done as 
follows The outdoor air employed is passed thiough a bank of 
steam coils, and in addition a steam jet blowing live steam into 
the air preferably just as it enters the heating coils is provided 
The valve controlling the steam supply to the heating coils is 
operated by a thermostatic regulator the element of which is 
placed at the entrance to the diier and set to function at 100° 
The live steam supply to the jet is controlled by a second valve 
operated by a second sensitive element placed beside the first, 
but this second element is surrounded by a w’lck kept wet, and 
its regulator set to function at 75° If the air entering the drier 
be too cold, the first thermostatic regulator will increase the steam 
supply m the heating coils, thereby raising the temperature of the 
air. If the wet bulb temperature of the air entering the drier 
be too high, the second thermal regulator will reduce the steam 
supply to the jet, thereby reducing the moisture content of the air 
and, in consequence, its wet bulb temperature 

A still moie satisfactory method of contiolling the humidity 
of the air entering this drier is to mix the relatively dry outdoor 
air with the humid, waste air from the diier itself In such a case, 
the wet bulb regulator controls the damper in the duct leading the 
waste air leturn to the air entrance of the drier, the dry bulb 
regulator controls, as before, the steam coils in the air-feed duct. 
If the dry bulb temperature of the air entering the drier be too 
low the regulator turns on more steam If the wet bulb tempera- 
ture be too high the regulator closes the damper in the wet air 
return pipe, thus giving a larger proportion of dry outside air. 

A device frequently employed for humidity control in driers 
opeiating with a closed air circuit is to control the temperature 
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to which the recirculated air is cooled The recirculated air is 
obviously at its dew point after passing through the dehumidi- 
fying apparatus, whether this be of the spray type or with 
metallic cooling surface The temperature of this air, therefore, 
determines its moisture content Thus, m the Tiemann drier 
(see p 493), humidity control is obtained by two regulators, 
the first controlling the dry bulb temperature (dew point, m this 
case) of the recirculated air as it leaves the spray coolers, and 
the second the dry bulb temperatures of this same air aftei being 
heated by its passage through the steam pipes just previous to 
coming m contact with the wood. While giving excellent 
humidity control, it must be borne in mind, as shown above, 
that this method involves low heat efficiency unless the air dis- 
carded fiom the drier be nearly saturated. 

Air Circulation. — One of the most important points in the 
design of drying apparatus and the control of drying operations 
is the provision for adequate and uniform air velocity past the 
material. Especially in the drying of thin sheets and fine grains 
or lumps a reasonably high velocity is desiiable to secure most 
rapid evapoiation. In the case of thicker sheets and larger 
lumps high velocity does not help so much because, as will be 
shown on page 522, the major resistance to evaporation in such 
cases is m the diffusion of the moisture from the interior of the 
material to the surface. Even in these cases, however, uniformity 
of air distribution past the surface is essential to secure uniform 
drying This requires the avoidance in design of sharp bends, 
especially at those points where the air enters the drying apparatus, 
of inequalities in cross-section, and the like 

Where the total amount of air required for drying is small, 
but the velocity past the material must be relatively large, it is 
highly desirable to use transverse circulation of the air over the 
material, so that the air flows through the apparatus in a spiral 
path, as illustrated on p. 548 Such circulation involves addi- 
tional fans, but secures both rapidity and uniformity of evapora- 
tion. 

In the drying of sheet materials the air must of necessity flow 
parallel to the sheets. The air impinging against the edges of the 
sheets dries those edges far more rapidly than the middle, resulting 
in warping of the sheets due to unequal shrinkage. This can be 
avoided by protecting these edges from the air For example, 
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the sheets may be supported on wiie gauze fastened to a frame 
made of wood or angle iron, the sides of which serve as protection 
for the edges of the sheet 

For the circulation of air through a drier the pressure drop is 
usually large while the volume of air required is small It is 
consequently advisable to utilize centiifugal fans designed for 
these conditions For the transverse circulation of air within the 
drier itself, in order to secure high air velocity past the material 
being dried, a very large volumetric capacity is desirable In 
01 del to limit the power consumption and the initial cost of the 
fan the recirculation should be carried out m such a way as 
to introduce a negligible lesistance to the air flow, thus making it 
possible to employ the so-called '' volumetric type of fan, ^ e , a 
fan with propeller blades, which drive the air m a direction 
parallel to the axis of the fan Such fans can be used only 
against very small pressure heads, but under these conditions 
handle large volumes at good efiiciency and with low initial cost 

PART FOUR: DESIGN OF DRIERS 

Steps to be Taken in the Design of Air Driers. — The steps 
taken in the design of apparatus in which a solid is dried by 
means of air are eight in number and may be taken m the following 
Older 

1. Choose the type of drying apparatus and the drying con- 
ditions to be employed, us in^ the h ighe.st sa fe tem,jperature 

2. Sketch diagrammatically the appaiatus chosen, indi cating 

amoiint^ m oi^ure ~Tt^^ and te mperahu fei^^olJ^he-m^ 
entering and Jeaf%TOg'--the--apparatus, and the temperatures and 
humidities of the air ente ring and leaving, and where posSHie at 
other p oints in the drier ’ ~~ 

3 From a knowledge of the capacity desired, calcu late 
the a n- reomred to ca rry away th e, wat er vapor Complete 
details of this step are given on pp 457 to 458 

4. Calculate the necessary heat supply, making suitable 
allowance for heat necessary to vaporize the water, heat carried 
out m stock and conveyors, and heat losses to the surroundmgs 
(pp. 457 to 458) 

5 Choose suitable methods and devices for controlhng the 
temperatures and humidities of the air ar tEe various~T>omts « 
the equipment (pp. 504 to 507), and mdicate these in the sketch- 
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6 Calculate the tune necessary for the escape of the^mois- 
ture, and the cross-si^t^on and^length of the drier. 

7 Calculate the necessary heating surface, and arrange it so 
as to maintain the desired drying conditions 

8 Calculate the pressure drop and fan horsepower necessary 

to maintain the circulation of air ^ 

Characteristics of Drying Apparatus. — The following classi- 
fication of driers is based upon the methods used in supplying 
the heat to the charge, these methods depending mainly upon the 
sensitiveness to heat of the material being dried. This classifi- 
cation IS useful in choosing the type of apparatus and the drying 
conditions to be employed (Step 1) and will be used later as a 
basis for the design of vaiious types of driers. 

1. Steam Heated Drum and Tray Drier s The charge is in 
direct contact with the surface of a solid heating element, and all 
heat IS received directly therefrom, the temperature of the heating sur- 
face IS insufficient to injure the charge — suitable for thick liquids or 
pastes which become dusty when dry (pigments), or for similar 
material requiimg very rapid evaporation (milk). Low temper- 
ature can be secured by the use of vacuum 

2 Direct-Fired Rotary ^ Driers The drier is heated directly by 
hot furnace flue gases — suitable for granular, lumpy, non-dustmg 
materials insensitive to heat 

A. Direct contact of flue gas with charge, 

(a) Flow counter curient 

(b) Flow parallel current 

(c) Flow reverse current 

B, Indirect contact of flue gas with charge, 

(а) Flow counter current 

(б) Flow reverse current 

3. Air Driers for Sensitive Materials, 

A, Adiabatic driers giving maximum allowable constant wet 
bulb temperature — suitable for materials sensitive to 
heat when wet but not when dry (glue, sugar, etc ). 

B Constant temperature driers, operated at maximum allow- 
able air temperature — suitable for materials sensitive to 
heat when dry but not when wet (textiles, rubber, 
etc ) 


1 Tunnel driers could be employed. 
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C. Controlled humidity driers — suitable for materials sensi- 
tive to humidity conditions 

(а) Decomposition results if humidity falls outside 
definite upper and lower limits hj^drated crystals 
and materials from which adsorbed water must not be 
completely removed^ e g , soda lime Controlled 
humidity drier with highest evaporation rate con- 
sistent with the humidity limits 

(б) Mateiial injured by excessive rate of dry- 
ing, ^ e , by excessive humidity difference lumber, 
heavy leather, fine paper, ceramics, plastic films, etc 
Controlled humidity drier operated to pioperly limit 
the evaporation rate. Jnteimittent driers sometimes 
are preferable because of more exact control and 
because the temperature and humidity conditions 
necessary foi maximum safe drying capacity are incom- 
patible with continuous operation 

Definitions. — Referring to the list of steps to be taken in 
designing diiers, it will be seen that some of the steps cannot be 
taken intelligently without a thorough knowledge of the mech- 
anism of dr 3 ung, and hence the problem of determining the proper 
drying time (Step 6) will be discussed first. 

Before taking this up it is advisable to define the units in 
which percentage moisture is to be expressed in order to facilitate 
calculations in drier design, and to define drying conditions 

Dry vs. Wet Basis. — The analytical laboratory usually reports 
percentage total moisture on the wet basis, i e , material containing 
10 per cent moisture contains 90 units of weight of bone dry stock 
and 10 units of weight of moisture. However, in the calculations 
which follow, it IS preferable to calculate percentage water on the 
dry basis. Thus the material referred to above would contain 
11.1 per cent of watei on the dry basis, namely, 111 lbs of 
moisture per 100 lbs of bone dry stock. The latter method 
reduces all moisture data to a common basis and hence has an 
advantage over the former method. For example, the water to 
be evaporated per ton of product to i educe the moisture content 
from 60 to 20 per cent of water (wet basis) is 2000 (0.80) (f^— f§) 
or 2000 lbs Throughout the following pages it will be assumed 
that all moisture data are expressed on the dry basis, the lbs of 



DRYING 


511 


total water per lb of hone diy stock will he designated by the 
symbol T 

Equilibrium Water or Regain ” — As shown on p 488, cer- 
tain materials hold definite and appreciable percentages of mois- 
ture when exposed indefinitely to air of a given lelative humidity. 
This adsorbed water is called the “ equihbiium moisture, and 
in mdustiv, the regain The lbs. of equilibrium moisture 
per lb of bone dry stock will be called the ^'equilibrium mois- 
ture’^ and designated by the symbol E 

Free Moisture. — The total moistuie (T) less the equilibrium 
moisture (E) is defined as the/rcc moisture or free water, W, and 
it will be seen that this difference, T—E, is one of the important 
factors controlling the rate of drying 

Drying Conditions. — The late of evaporation of moisture 
from a material is determined by the temperature and humidity 
of the air with which it is in contact, by the character of its 
exposure to that air, by the velocity of the air passing it, and by 
any radiant heat it may receive, te , hy the condition of its sur- 
roundings These external conditions aie called the drying 
conditions to which the material is exposed 

Basic Differential Equations for Air Drying of Solids 
Under Constant Drying Conditions 

First, differential equations will be derived for the air drying 
of solids unde r constant drying conditions — In some cases the 
equations so derived may be used for commercial driers without 
introducing serious error. In other cases, it will be shown how 
these equations must be modified for vgruMe-dry^^ 

For the purpose of derivation consider a sheet material 
freely and equally exposed on both sides to the drying air, the 
diying from the edges being negligible compaied to that from the 
sheet as a whole The area of eithei side is A, the total thickness 
IS L and the adzioL water concentration at any point at a given 
time 6 IS w units of weight moist ure perjjmtr-v^^ 

wet stock Let Fig 117 represent a cross-section of the sheet, 
the’TBies CD and EG representing the surfaces exposed to the 
drying air 

The actual concentration of free moisture, w, is plotted as 
ordinates from the base line CHE, Using the subscript 0 to 
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refer to the start of the drying opeiation (that iS; when (9 = 0), 
the initial actual concentration of free moistuie, wq is represented 
by the line GJD, since the initial concentration is iinhoim The 
total free moistuie content of either half of the sheet fiom the 

center line to the suiface is then (^) ('W^o)? namely, the area 

DJHC After drying has begun the actual concentiation of fiee 
moisture at the center line will be represented by some point 

such as M and the free moisture 
concentration on the surface will be 
lowered to some value lUs^ correspond- 
ing to the point N. If, as is usually 
the case, the drying operation is sus- 
pended before all the free moisture is 
removed, the actual final concentration 
will be represented by some line such 
as QR Analogous conditions exist 
on the opposite side of the center 
line. 

The exact integration of the rigorous 
differential equation^ is very involved 
For all practical purposes it is allow- 
able to assume a constant concentra- 
tion gradient, ^ e., that the line MN 
on Fig 117 IS straight, as shown Under these conditions the 
average free moisture concentration y (units of weight per unit 
volume of stock) for the sheet is represented by the point, P, 
which IS a distance L/A from the center line of the sheet, while the 
actual surface concentration is w^. The total amount of water 



1 la terms of the differential calculus, Newton’s law of diffusion states 
that the partial differential of concentration with respect to time, ^w/ dd, is 
proportional to the rate of change of concentration gradient with the distance 
out from the center Ime to the section where the gradient is taken At a 
distance z from the center Ime of the sheet, the concentration gradient for 
a section of differential thickness, is bw/ bZy and hence the rate of change 
of gradient with the thickness is 8^w/8z^ 

Hence 

8w^ 8^w 
80 


where C is the proportionality coefficient, which is determined by the nature 
of the material, the drying conditions, and units employed 
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diffusing to the surface per unit of time from the half sheet is 
then directly proportional to the area (A) and directly propor- 
tional to the driving force, or concentration difference, y~Wsf 
an l inversely proportional to the average length of path (L/4). 
Calling (a) the coefficient of diffusion through the stock at the 
definite stock temperature m question. 


(a) (^) (y-w,) 

L/4 


= water lost by diffusion/per unit time 


( 1 ) 


The amount of moisture evaporated from the surface per unit 
of time under constant drying conditions is directly proportional 
to the surface exposed and to the wetted fraction of this surface 
Assuming the wetted fraction to be proportional to Ws, 


(/5) (A) = water lost by evaporation per unit time, (2) 


where P is the coefficient of surface evaporation for the constant 
drying conditions 

If the surface of the sheet be considered as a layer, indefinitely 
thin, it IS obvious that it can contain only an infinitesimal quan- 
tity of water Any evaporation from the surface must, there- 
fore, deplete the water content of the surface layer unless diffu- 
sion from the interior is sufficient to compensate therefor. Since 
the water content of this surface layer is infinitesimal, it means 
that diffusion must quantitatively compensate for evaporation 
in order to keep any water whatever on the surface. In other 
words the two quantities above are equal, z.e., Eq (l)=Eq. (2). 
Since also, the only water lost by the sheet is by evaporation, it 
means that the loss m moisture per unit time, namely, the rate 
of change of average concentration per unit volume (dy/dd) 
multiplied by the total volume, (A) (L)/(2), is equal to both the 
above expressions, namely, 

, ( 3 ) 

By eliminating ^ Ws from this equality, and canceling out the area 


whence 


dy 8ay — Saw ^ 2^Ws 

""“IT’ 


Say — SaWs = 2^Lwst 


4ay dy Sa^y . 

4a~\~^L^ do L L{4<x-{-^L) 
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term, which appears m the numerator of all three equalities, one 
obtains 

dy _ Sal3y 

do L(4.a+m' 

which IS the basic differential equation for the air drying of solid 
materials under any one definite set of drying conditions 

As already indicated, the coefficient of diffusion (a) vanes 
with the temperature of the stock, this coefficient would be 
expected to increase with the temperature of the stock, because 
the fluidity of water increases with temperature (see p 142). 
Furthermore, as shown on p. 487 , the evapo- 

ration (/3) IS a function of air veloci^^^Rid difference of 
vapor pressures of water on the sur^^Pnr the sheet and that 
in the surrounding air Hence P=f(p)(ps — pc), where f[v) 
represents an experimentally determined function of average 
mass velocity (for the particular material and arrangement 
of stock) and ps and pa are the corresponding vapor pressures 
of water on the sheet surface and in the drying air. Since the 
average concentration of fiee moisture (y) appeals on both sides 
of Eq (4), it is allowable to substitute for y the weight ratio of 
free moisture on the dry basis, (T—E), Hence the basic differ- 
ential equation for the air drying of a solid material may be written 
as follows, for any set of constant drying conditions 


d(T-E) 8(a) iP) {T-E) 
dd (4o;-|-/3Z/) L 


= K{T-E), 


. ( 5 ) 


where K is the drying coefficient for any definite set of drying 
conditions, /3=/(r)(Ap), and a increases with the temperature of 
the sheet. 

Eg. (5) indicates that the rate of drying at any instant under 
any definite drying conditions is independent of the area of surface 
of the material being dnedj and is proportional to the percentage of 
free moisture on the dry basis This differential equation is com- 
plicated and must be integrated before the drying time can be 
calculated. When integrating, it should be remembered chat 
a and p are variables, which may be considered as constants 
only for any one definite set of constant drying conditions. It is 
integrable exactly in a large number of special cases, some of which 
are very simple, otherwise the differential equation may be 
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applied to successive stages of the drying period. Further 
development of this equation will be given under each special 
case It IS essential that the reader understand the derivations 
and keep clearly in mind the assumptions made, hence the 
limitations for the equation just derived will be reviewed before 
proceeding to the special cases 

Limitations to Eq. (5) — (1) The water is diffusing only in the 
direction normal to the exposed surface, and through a cross- 
section of constant area 

(2) The drying conditions are identical on both sides of the 
material (For drying from one side only, see pp 517 and 522 ) 

(3) Rate of surface evaporation under constant drying condi- 
tions is proportional to the fraction of smface wetted, which m 
itself IS proportional to the free moisture concentration 

(4) During the drying, the moisture concentration is at a 
maximum at the center of the sheet, decreasing linearly to the 
value on the surface. 

The first case is found m the drying of large sheets or 
trays of material where the area of the edges is negligible com- 
pared to that of the sides It also holds where the area of the 
edges is not negligible to that of the sides, when the edges have 
been protected in order to avoid drjung from the edges Further, 
the first condition is met m all cases where the rate of diffusion 
is very large compared to the rate of surface evaporation, even 
for materials m lump form. See Special Case I It would not 
hold for drying of lumber not protected on the ends, as the rate 
of diffusion ''with the gram'' is widely different from that 
" across the gram 

The second case is the general one as it is economically 
desirable to dry from boih sides of the sheet. However, in case 
of drying from one side only, where the moisture concentiation 
is a maximum at the protected face, decreasing linearly to the value 
on the surface, a derivation similar to the one above gives* 

d{T^E)_2{a)% iT~~E) 

dd ~ L {2a+pL) • 

The third case is general provided the per cent water is 
not too high. See Fig 118. Where the water concentration is 
greater than the "critical" value, z. e , to the right of the point 
A, the whole of the surface is wet and hence evaporation pro- 
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ceeds at constant rate until the critical point is reached^ after which 
the rate of drying decreases with the average free moisture con- 
tent as called for by Eq (5), the rate becoming zero at the 
point C, which corresponds to the per cent equilibrium moisture. 
However, as emphasized elsewhere, when the per cent water is 
high, it IS sometimes possible to remove a large proportion of the 
water mechanically, ^e ^hy the use of pressure, which is a more 



economical method of drying than by the process of vaporiza- 
tion 

The fourth case is found m the drying of materials such 
as vegetable tanned and chrome leather, twine, heelboard, paper, 
and the like It does not apply to materials such as soap and 
lumber, and hence in the latter case the above equation must be 
modified to allow for this fact This will be treated under 
Skin Effect,’^ see Case III, 

I Diffusion Rapid Compared to Surface 
Evaporation 

In the case of materials through which the moisture diffuses 
rapidly, owing to their capiUary character, such as paper, heel- 
board, and the like, the term (4a) may be so large in comparison 
to (jSL) that the latter term may be neglected This condition 
occurs where a. is very large, where L is very small, and where 
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(4ck:) IS large in comparison to (^L) Under such conditions Eq 
(5) becomes 

d(T-E) _ 2(^) (T-E) 

dd L . . . . 


Equation (6) indicates that the instantaneous rate of loss of free 
moisture for any particular set of constant drying conditions is 
directly proportional to the free moisture content at that time and 
inversely proportional to the thickness. If some other set of con- 
stant drying conditions he employ ed, the value of /3 will change, 
as it IS a function of air velocity and partial pressure difference 

(a) Shrinkage Negligible. — If the material does not shrink 
on drying L is a constant for any particular drying run, and for 
constant drying conditions Eq (6) may be integrated between 
limits, the subscript 0 referring to zero time, giving: 


Ino- To-E_ 2(P) d_2f (v) (Ap) (d) _ , . 

2TL 


Equation (7) indicates that the drying time for various runs 
under the same constant drying conditions is directly proportional 
to the logarithm of the ratio of the initial and final free moisture and 
directly proportional to the thickness For example, if for a given 
material under constant drying conditions one hour is required to 
reduce the per cent free water (on the dry basis) from 100 to 50, 
one hour more will be required to reduce it from 50 to 25, since 
the ratio of 100 to 50 is the same as the ratio of 50 to 25. If 
the thickness were halved, the time required for the same drying 
as above would be halved. 

(b) With Shrinkage. — Before integrating Eq. (6), it is neces- 
sary to allow for the fact that L is a function of the free moisture 
content 

Experiments on certain materials show that the thickness L 

1 If the material is dned from one side only, 

d{T-E) KT~JE) 
do L 


Note that the rate of drying for this case is only one-half that obtained by 
drying from both sides of the sheet 
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at any time may be satisfactorily lepresented as a linear* function 
of the free moisture on the dry basis, namely, 

L=LAl+a(T-E)l 


where is the thickness corresponding to the equilibrium water 
content and a is the shrinkage coefficient determined for the 
particular material in question Substituting this value in Eq. 
(6) one obtains 


d(T-E) 

(T-E) 


-a[d(T-E)] = 


2(j3)de 

U ' 


which upon mtegiation /or constant drying conditions between 
between limits of To and So and {T and 6) gives 


2Uogio~:~+a{T^-T)^‘^^=Ke ( 10 ) 


Experimental Verification of Equations for Case I. — Data have 
been obtained by Drew^ on heelboard (made from a pulp of ground 
leather and paper) under conditions artificially controlled to give 
constant drying conditions for each run, but with variation of 
the conditions from one run to another. These will be used to 
illustrate the application of Eq. (10), which may be written 

2.31ogio(r-E)+ar=aro+2.31ogio(ro-E)-?-^ (lOu) 


Since all terms m Eq. (10a) are constant for a given run except 
T and 0, if the left-hand side be plotted against time a straight 
hne should result, the slope of which is if=2(/3)/Le For this 
particular material a is found to be approximately 0 2^. Figure 
119 shows data of a typical drying run (under constant drying 
conditions) treated in this manner, and it is seen that the points 
are satisfactorily represented by a straight line The lower 
curve on this figure, marked 2 3 log (T—E), shows the effect of 
neglecting the term aT. 

1 This linear relationship does not hold for all materials It is, however, 
always a good approximation when the variation in moisture content is not 
too great When necessary other empirical relationships of sufficient accuracy 
can usually be found 

^ M I T Chem. Eng Thesis j 1911 
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According to Eq. (10) values of K for runs under constant 
drying conditions should vary inversely as the thickness, hence a 
plot of K as ordinates veisus 1/Le should give a straight line 
having a slope of 2/3 This is illustrated by Fig 120. 



Fig 119 — Adiabatic Air Drying of Heel-board, Constant Drying Conditions 


As previously stated, 


hence 


(p)=[f w] (Ap), 

„_2g_ 2[/ (t>)] (Ap) 


Thus for runs at constant an- velocity on material having a con- 
stant thickness at equihbrium, the experimental value of K 
should be directly proportional to Ap, the slope being numerically 
equal to (2)[/(i;)]/Le. This is illustrated by Fig. 121. 
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Fjg 120 — Adiabatic Air Drying of Heel-board; Effect of Varying Thickness. 



Eig 121 Adiabatic Air Drying of Heel-board j Effect of Varying Ap. 
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The following table shows the constancy of KLe/Ap = 2[f{v)] 
for runs made at constant velocity (180 7 cm per sec ) in which 
Ap and Le each vary five-fold 


Run No 

K 

Le 

Ap 

KLelAp 

1 

0 0031 

0 585 

3 9 

0 00047 

2 

0 0051 

0 395 

3 9 

0 00052 

3 

0 0107 

0 184 

3 9 

0 00051 

4 

0 0151 

0 123 

3 9 

0 00048 

5 

0 0059 

0 615 

8 0 

0 00045 

9 

0 0103 

0 590 

12 1 

0 00050 

13 

0 0134 

0 581 

15 1 

0 00052 

17 

0 0188 

0 586 

19 7 

0 00056 


Figure 122 indicates the effect of air velocity on K for runs 
made with constant Ap and L, It is seen that in this case, 
2[f(v)] may be satisfactorily represented by a 0 36 power of the 



0 100 200 300 400 500 600 

Air Veloc ( Cm /Sec. j 


Fig 122 — ^Adiabatic Air Drying of Heel-board, Effect of Air Velocity 


superficial velocity. The equation showing the combined effect 
of air velocity, v (cm per sec ), Ap (mm of mercury) and Le (thick- 
ness in cm. at equilibrium moisture content) for this material is 
as follows 


2 3 logio" 


To-B 

T-E 


0 28 {To-T) = 


(Ap) (v)^^^d 
13,000 L, ^ 


. (105) 


where 6 is in mi nu tes and T and E are expressed as lbs of water 
per lb of bone dry stock 
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Case II Diffusion Slow Compaeed to Sukface 
Evaporation, No Skin Effect 

In the case of materials through which moisture diffuses 
slowly, the term 4^ may be so small m comparison to that 
4:Di may be neglected* Under such conditions Eq (5) becomes 

d(T-E) _ 8(a) (T-E ) 

dd ‘ ^ ^ 


The drying rate in this case is directly proportional to the free 
moisture^ but is inversely proportional to the square of the thickness 
As will be shown on page 527, a increases with stock temperature 
(a) Shrinkage Negligible — For this case L is independent of 
free moisture, and Eq (11) becomes on integration for constant 
drying conditions (i e., for constant stock temperature), 


logic 


(To--E) ^ 8(a) (6) 
(T-E) 2SL^ 


=Kd 


(12) 


Eq (12) states that the drying time is directly proportional to the 
square of the thickness and the logarithm of the ratio of the free 
moisture in the stock at the start to that at the end of drying 

Experimental Verification of Equations for Case II. — These 
equations, (11) and (12), may be applied to the drying of twine 
on a steam-heated drum, using the data of Maverick and Web- 
ster.^ In Fig 123 the total moisture is plotted against the 
time twine is on the drum From this curve dTIdd is read 
off graphically at each point, and plotted against total moisture, 
as in Fig 118, p 516, the value of E is equal to the abscissa at 
which dTjdd becomes zero In order to determine K one may 
plot the logarithm of the free moisture against the time, as m 
Fig 124. 

Fig. 125 shows the value of the drying coefficient for twine 
plotted against the inverse square of the diameter of the coid, 
showing that the slope is constant within the experimental 


^ If the material be dried from one side only, 
d{T-E) 2a{T-E) 
dd “ L2 


(11a) 


Note that the rate of drying in this case is only one-fourth that obtained 
when drying from both sides of the sheet 
I T. Chem Eng Thesis, 1916 
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0 40 0 30 0 20 0 10 0.00 

Total Mojsture ( T) Dry Basis 

Fig 123 — Drying of Twine 



Fig 124 — Drying of Twine 



Fig 125 — ^Drying of Twine, Effect of Thickness 
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error The coefEcient of diffusion (a) is known to vary with 
the stock temperature, and the variation of individual points from 
the line in Fig 125 may be due to the fact that the stock tempera- 
ture did not remain absolutely constant For this case the drying 
equation is 


To-E 0 0056, 


where D is the diameter of the twine m inches and 6 is in minutes 
(b) Shrinkage not Negligible. — When there is appreciabxC 
shrinkage, Eq (11) cannot be integrated until allowance is made 
for variation of thickness with free moisture When the thick- 
ness IS a linear function of the free moisture, namely, 

L = Le[l+aiT-E)] 

Eq (11) becomes on integration for constant temperature of stock 

2 31ogio^F|+2a iTo-T)+j(To^-T^)=^-^^ (13) 

If the vaiiation of L with T-'E be not satisfactorily lepre- 
sented by a linear function, some other empirical relation should 
be obtained and substituted into Eq. (11), which upon integra- 
tion will give a form different from Eq (13) In choosing the 
empirical function between L and (T~E), it is obviously desirable 
to employ one which will make the integrated form as simple as 
possible and yet represent the data with sufficient accuracy 

The equations given above (Special Cases 11a and II5) must 
not be used for very thick materials, as the skin effect may 
develop under such conditions, and this necessitates the use of 
the equations given under Special Case III 


Case III. Rate of Diffusion of Moisture is Slow Compared 
TO Rate of Surface Evaporation, with Skin Effect 

In the drying of certain classes of materials equally exposed 
to air on both sides, it was assumed that the moisture concen- 
tration gradient was linear, decreasing from a maximum at |he 
center line of the sheet to the value on the surface It has t4en 
seen that equations derived on this basis are substantiated by 
drying data for certain materials 
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In the drying of relatively thick sheets of certain materials 
(wood, soap, glue, jellies, etc ) such a diffusion gradient is not 


quickly set up, and hence, under such condi- 
tions, the basic differential equations must be 
modified Fig. 126 represents a cross-section 
of a sheet of original thickness L. 

Plotting actual concentrations (w) of total 
moisture above the base line, CD, CF lepresents 
the initial actual concentration {wq) 

Diffusion of water will start, the gradient 
after the elapse of the time 0 being as shown by 
the line AB, as the drying proceeds further A 
moves towards the center line of the sheet 
along the line EF Call the thickness AE 
through which the diffusion is taking place at 
this time X This distance a; is a variable in 
the following equation which states the equality 
of the instantaneous rate of loss of moisture to 



Fig 126 


the rate of diffusion of moisture, namely. 


{dw) (A) (L) _ (a) (A) (WQ-Ws) 
dd (2) X 


(14) 


The layer of thickness x ( = AE) produces what is called the 
skin-effect of the drying operation. Usually the dried portion 
on the surface will have a different appearance or feel than the 
undried interior, and hence an inspection of a sample of partially 
dried material will reveal whether the skin effect has developed. 
In Fig. 126 

^^;o = area FEDC, 

^^;5 = area GBDC, 
ii; = area FABDC, 
wo—w = 2iYeSi AEB={AE) {BE)/2, 
wo~Ws = area GFEB = (FE) (BE) 

Hence, wp-w _ (AE) _ x 

Wo-Ws {2){FE) L 

Substituting value of x from Eq (15) in Eq (14) one obtains 

dw {wp—w)_ (2) (a) (wp—Ws)^ 

de ~ (L)2 


( 16 ) 
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Inasmuch as analyses of the material for moisture give the 
average percentage of water instead of the actual concenL ation, it 
IS desirable to introduce the former units in Eq (16) instead 
of the actual concentrations theie given. 

Calling the average total moisture on the dry basis at any time, 
T, the initial value is To, the value on the surface is Ts, the value 
corresponding to equilibrium moisture is E, and the decrease m a 
differential time dd is dT, 


Now 


dw (wo—w)_dT (To—T) 
{wo-ws^ ~ (To-Ty 


Hence Eq (16) may be written 


dT_2(a) (To-T.f 
dd L^{To-T) 


{17y 


The term To is a measure of the extent of the drying at 
any time, ^ e , the loss in weight Equation (17) states that the 
instantaneous rate of drying at any time is proportional to the 
reciprocal of the loss in weight up to that time Since the loss 
in weight increases as drying proceeds, this requires that the rate 
of drying should decrease as the drying proceeds After the 
drying has been carried to such an extent that the point A has 
retreated to point F at the center line of the sheet, the skin-effect 
equations no longer apply, and those given under Case II should 
be used. Hence the skin-effect equations apply up to the time 
that the per cent free water has fallen to half the initial value. 
Often the drying is carried no further than this. 

(a) Without Shrinkage. — For materials in which the shrinkage 
is negligible between the moisture limits involved, L may be 
taken as constant Since To, Ts and a are also constant for 
any run under constant drying conditions, Eq (17) becomes upon 
integration for constant drying conditions 

(To-T)^= '^N . . . ( 18 ) 


^ In case drying occurs from one side only, 
dT a(To-Tsy 
dd “ 2L^{To-T) 

Note that in this case the rate of drying is only one-fourth that obtained 
when drying from both sides. 
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Since it IS not convenient to determine Ts by analysis and since 
the material is drying so slowly that its surface is nearly in equi- 
librium with the drying an:, Ts will be assumed as equal to E, 
the water on the dry basis as read from the equilibrium curve for 
the material in question Because of this assumption, and since 
the line AB was assumed to be straight, which is an approximation, 
it IS better to substitute an exponent n for the square term appear- 
ing on To— T m Eq. (18), giving 


4 (a) (To- 


. (19) 


where n and a, or n and K, are experimentally determined 
coefficients. As already indicated, n should be m the neighbor- 
hood of 2, and a increases as the temperature of the stock 
increases Since the temperature of the stock cannot fall below 
the wet bulb temperature of the air, and may he between the 
wet and dry bulb temperatures, the stock temperature will be 
greater when humid hot air is used than when dry hot air is used 
Hence where diffusion of the liquid through the stock is the 
limiting factor, the use of humid air will dry the stock faster than 
dry air at the same temperature 

(6) With Shrinkage. — When L varies with T, it is necessary 
to derive an empirical relation and substitute the value for L 
in the differential Eq (17) before integrating it. 

However, the resulting integral will be somewhat complicated, 
and it IS possible to use Eq (19) which neglects shrinkage, for 
cases where shrinkage occurs, allowing the experimentally deter- 
mined coefficients n and a, or n and K, to take care of the error 
so introduced. 


Results of Experiments on Bar Soap. — ^Figure 127^ shows a plot 

of logic— ^T^^^versus log d for bar soap and it is seen that the 

experimental points for a lun under constant drying conditions 
fall on a straight line, as required by Eq. (19). The value of n 
(the slope of the line) is seen to be about 1.93 for this material. 


iBttnkeb, MIT Chem. Eng Thesis, 1921 
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Drying of Solids by Aie under Variable Drying Conditions 

In the preceding paragraphs differential equations have been 
derived for the drying of solids by air These have been inte- 
grated for any definite set of constant drying conditions, i e , hy 
assuming the coefficients a and ^ to be constant for the constant 
conditions The resulting equations have been verified by 
comparison with experimental data obtained under constant 
drying conditions 

It has been shown that the coefficient of diffusion (a) of liquid 
water through the stock increases as the temperature of the 
stock is raised, and that the coefficient of surface evaporation 



Fig 127 — Drying of Bar Soap 


(id) varies directly as the pressure gradient (Ap) of water vapor 
from the suiface of the stock to the drying air, and directly as 
some function of the an velocity In an actual drier, the drying 
coefficients may vary, and the problem to be met in the design of a 
full scale dner involves making propei allowances for the variations 
in the coefficients This has been done for various cases (pp. 536 
to 556) by inserting m the differential equations given above the 
value of the drying coefficient involved, as a function of the 
proper variables, obtaining new integrals for variable drying 
conditions 

Design of Driers. — Refeinng to the list of steps to be taken in 
designing a drier (see p 508), it is obvious that the only one 
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presenting any major difficulties is the sixth one, that of deter- 
mining the drying time. 

Having considered the factors upon which drying depends, 
and the mechanical methods in use for handling material to be 
dried, it is now desirable to indicate how the fundamental con- 
cepts of drying may be applied to the design of suitable apparatus 
for any given pm pose 

Although a knowledge of the physical constants and other 
properties of a material are essential to an intelligent attack of the 
subject, it is seldom that these alone are sufficient to enable one 
to determine the dimensions and conditions for the most efficient 
operation It is necessary, therefore, for an intelligent design, to 
obtain by experimentation upon the material in question the dry- 
ing coefficients (pp 511 to 527) It is entirely possible to arrive 
at these data by experimentation on a laboratory scale, although 
the larger the scale on which the work is done, the less liable the 
result will be to error from the omission of factors, present in 
commercial operation, but not m the laboratory. In these 
experiments, it is necessary to have operating conditions dupli- 
cated as nearly as possible For example, if the exposure is to be 
m a rotary drier, the experimental apparatus should be of this 
type The size of lump material, thickness of sheet, and its 
physical condition as to percentage water and temperature should 
be the same as that which will form the feed of the drier to be 
designed 

The equations given m the following discussion are to be used 
therefore, for but two purposes, either the design of commercial 
apparatus for the drying of a specific material on the basis of 
coefficients determined from experiments upon the material itself, 
or to enable one to predict quantitatively the results of changes 
in either operation or construction of a given drying apparatus 
handling a definite material The coefficients in the latter case 
are determined by studying the actual performance of the appara- 
tus, or the problem is solved by a ratio calculation, m which 
case the coefficients cancel An example of a laboratory study 
of drying conditions and data is given, together with an appli- 
cation of the equations derived. 

The subsequent treatment of drier design follows the apparatus 
classification based on the method of supplying the heat (see 
pp 509 to 510) 
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1. Design of Steam Heated Dbum and Tkay Deiers 

The design of driers of this type may be considered conveni- 
ently as a problem in heat transfer As emphasized m the chapter 
on Flow of Heat one must consider the various resistances met by 
the heat m flowing from one medium to another In this case 
there are three resistances* from condensing vapor to metal wall, 
that of the wall itself, and from the metal wall to the air in the 
room. This last resistance really includes three resistances con- 
tact resistance from metal to stock, resistance of stock itself, and 
from stock to air Where it is desired to measure the individual 
resistances, skin temperatures must be taken 

The surface temperature of a material may be obtained by 
placing a thermo-couple upon the surface, the element having 
previously been heated to approximately the temperature of the 
material By noting whether the element rises or falls in tem- 
perature, it IS possible to determine whether the material is 
hotter or colder than the couple; a few trials will enable one 
to have the couple at substantially the same temperature as 
the sheet To prevent radiation the element should be mounted 
flush with the inner surface of an insulating pad, and the whole 
pressed upon the surface to be measured It must not be kept in 
contact with this surface for any great length of time because 
the pad will prevent evaporation and will therefore cause a local 
rise in the surface temperature of the sheet. 

“"(a) Drum Driers for Solids. — Textiles are frequently dried 
by passing them over a series of hollow metal drums provided 
with means for supplying steam and removing condensate and 
air. In some cases the steam is passed through several drums in 
series. 

The first resistance (from steam to metal) depends on the per- 
centage of non-condensable gas ^ in the steam (this should be small 
in good practice), the velocity of the steam, the fraction of the 
total internal heat transfer surface that is submerged, etc 

The second resistance (that of the wall itself) depends on the 
thickness and thermal conductivity of the metal used Where 
very thick cast-iron rolls are employed, this resistance may be 
quite an appreciable percentage of the total resistance. 

1 See p 155 
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The third resistance (from drum to the stock, through the 
stock, and into the air) is usually the greatest of the three resist- 
ances Hence it is clear that design should be based on results 
of experiments for the type of drier and material in question, 
conditions in the experiments being as similar as possible to those 
to be used in production. In a certain drier of this type hand- 
ling wood pulp the third resistance was about 76 per cent of 
the total resistance to heat flow. The overall coefiicient was 
about 24 B t u per hr per ° F per sq ft of outer surface 

(b) Drum Dners for Liquids. — When solutions or suspensions 
are concentrated or reduced to a solid on a steam heated drum, 
the film of material in immediate contact with the drum becomes 
quite dry in a very short time, and this dry inner layer serves as 
an insulation to separate the more moist layers from the heating 
surface The process then reduces to a conduction of heat through 
the dry layer into that portion which still remains wet When 
the rate of heat flow is great the temperature of the sheet will 
approach the boiling temperature of the liquid at the pressure 
used Hence it follows that the use of vacuum in the chamber 
housing the drum will lower the surface temperature and thus 
increase the rate of heat flow and consequently the evaporative 
rate 

(c) Tray Driers. — Where the material to be dried is placed 
on trays, the heat may be supplied solely from the air, and in 
this case special drying equations are available (See Air Drying 
of Solid Materials ) Where the trays are supplied with heat 
other than as described above, as when the trays are placed on 
hollow shelves or pipes supplied with steam, the problem is con- 
veniently treated from the heat transfer point of view. The 
resistances here met are similar to those discussed under Drum 
Driers for Solids It should be noted that a very important 
factor is the thickness of the material on the trays. 

2 Design oe Direct-Fired Rotary Driers 

The temperature of the charge in a drier of this type changes 
with the time of exposure to the drying air as indicated quali- 
tatively by the full line curve, FABCj in Fig 128. During the 
preliminary period, FA, the charge is heating up but evaporation 
IS negligible. Evaporation then takes place in the zone AB, 
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accompanied by a slight temperature rise. Finally the charge 
IS superheated and the last trace of moisture expelled in the 
period BC If a completely dried product be not desired, the 
operation is stopped before the point B is reached 

The exact determination of this curve would be difBcuIt, but 
it IS a satisfactory approximation to assume constancy of tempera- 
ture during the evaporative period, ^ e , to assume that the tem- 
perature of the charge follows the dotted straight lines, FDEC, 
lather than the full curve m the plot The important point is, 
therefore, the estimation of the temperature of evaporation, DE, 
Direct-fired driers always employ high temperature gases 
and in consequence develop a high rate of evaporation The tem- 



perature of the charge therefore, approaches the boiling point, 
and changes but slightly during the period of evaporation (See 
humidity chart, p 456 ) From inspection of the chart it is obvi- 
ous that, for material so wet that the surface is saturated, the tem- 
perature of the charge during the evaporative period when exposed 
to gases 300° F. and above will be from 110 to 160° F Fpr 
lower moisture content, however, the charge temperature increases 
asymptotically to the boiling point, t e.j to approximately 180° to 
210° F. The difference in temperature between the charge and 
drying air is so great that any reasonable error in estimating the 
temperature of evaporation will not invalidate the calculations. 

The design of such driers resolves itself therefore into a simple 
calculation of heat transfer, the process being assumed to take 
place in three separate stages, the preheating, the drying, and the 
superheating of the charge In the equation for heat transfer, 
Q/6 = hAAtf \t is not convenient to determine the surface exposure, 
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Aj and hence the term hA is treated as a single coefEcient The 
value of hA is proportional to the volume of the drier for apparatus 
of the same type Obviously the coefficient, hA, must be deter- 
mined for each material and type of apparatus, from the per- 
formance of actual driers, experimental or full scale. 

Illustration 1 — A rotary drier is constructed of a steel shell 4 ft 6 in 
inside diameter and 20 ft long, and rotates at 4 r p m It is drying 12,000 lbs 
hourly of a wet ore carrying 16 per cent moisture The dry ore has a specific 
heat of 0 18 and is discharged at 240° F The ore occupies roughly 20 per 
cent of the volume of the drier The flue gas flows counter current to the ore, 
enters at 1065° F and leaves at 160° Its Orsat analysis is 3 2 per cent CO 2 , 
17 3 per cent O 2 and negligible CO Its dew point at entrance to the drier is 
76° F (ph 20 = 22 8 mm)y The temperature of the surroundings may be 
assumed 70° F as a base, and the barometer is normal Assume the drier to 
be thoroughly lagged 

Calculate the dry gas in lb mols passing per hour, the linear gas velocity 
at the cold end, the heat consumed m evaporation and the heat lost in the 
dry ore Design an ore cooler of a type similai to the drier to recover 85 per 
cent of the heat now lost in the product by preheating the air for the furnace 

Solution — The heat utilized by the drier is that involved in heating the 
ore from 70° to 240° F and in converting water at 70° into water vapor at 
160° F The first is obviously (12,000) (0 84) (0 18) (240-70) or 309,000 
B t u per hr and the second 1092 B t U /lb of water, and for 1920 lbs of 
water, 2,098,000 B t u per hr , making 2,407,000 B t u per hr in all This 
heat is furnished by the cooling of the flue gases from 1065° F to 160° F 
As shown by Fig 5, p 14, each 100 lb mols of dry flue gas entering the drier 
contain 3 2 lb mols of CO 2 (giving up 9540 B t u per lb mol), 96 8 lb mols 
of O 2 and N 2 (giving up 6460 B t u per lb mol), and 

( 22 8 \ 

1100 = 3 09 mols of water vapor 

760-22 8/ 

(giving up 7580 B t u per lb mol ), a total of 680,000 B t u per 100 mols dry 
gas Neglecting radiation loss, this therefore requires 


2,407,000 (100) 
680,000 


= 354 lb mols of dry flue gas per hour 


or 365 lb mols of wet flue gas The evaporation is 106 6 mols of water per 
hour, making a total of 472 mols of gas per hour leaving the drier at 160° F , 
or 213,500 cu ft per hr giving a velocity of 4 66 ft per sec 

In order to use these data in the design of similar apparatus, the heat 
transfer must be estimated Base this figure on the unknown but relatively 
constant surface area (A) of charge exposed in the present drier Evapora- 
tion may be assumed to take place at 200° F. On this assumption, the heat 
transfer takes place in three stages first, 


(130) (1) (1920) + (130) (0 18) (10,080) =486,000 B t u 
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are needed to raise the 12,000 lbs of wet ore from 70° to 200°, second, 

(1920) (974) - 1,870,000 B t n 

disappear in the evaporation of 1920 lbs of water at 200°, finally 
(10,080) (40) (0 18) =72,600 B t u 

are used to superheat the ore from 200 to 240°. Neglecting the changes of 
specific heats of the components of the flue gases with temperature, the gases 
used (354 lb mols gas) lose (3 54) (680,000/905) =2660 Btu per degree 
fall m temperature In the last stage therefore, they drop only 72,600/2660 = 
27 3° to 1038° F The drop m the second stage is not so directly estimated 
because the gases are cooled not only by the evaporation of the water, but also 
by the dilution with the water vapor produced Call the gas temperature at 
the end of the second stage t ° F Then from a heat balance in the evaporat- 
ing zone, 2660 (1,038-0 =1,870,000+1920 (0 48) (^-200) whence ^ =300° F 



Hot End 

End of 
Evaporation 

Start of 
Evaporation 

Cold End 

Temperature of gases 

1065 

1038 

300 

160 

Temperature of charge 

240 

200 

200 

70 

Temperature difference 

825 

838 

100 

90 


Average At for each stage 

of process 832 347 * 95 


* The log mean, though not strictly applicable to this case on account of the dilution 
effect, IS used as an approximation 

For each section of the drier corresponding to each of the three stages of 
the process one may write ^ 


Q/e 

iAta,v) 


=/iA, 


where the subscript 1, 2, 3 corresponds to the first, second; third stage of 
the drying operation Obviously, the total exposed area m the drier, 

A =Ai-\-A2~\~Ai 


For each section Q/d and Aiav are given, hence, 


For superheating zone, hAi = 


Qi/e 

(Aiav)l 


72,600 

832 


-87 Btu /hr per °F 


1 For nomenclature, see pp 178 to 179 





DRYING 


535 


r. . 7 1,870,000 

F or evaporating zone, M 2 = = = 5390 

(A;av)2 347 

■17 486,000 

For preheating zone, M 3 = ; = = 5120 

(A/av)j 95 

The mam resistance to the flow of heat in all three zones is that of the gas 
film This coefficient {h) varies as the mass velocity of the gases, which 
velocity is practically constant for this problem Adding, 

hA.i~\-hA.2~\~hjA.z = 10,600 

The mols of air to be used m the cooler aie found by using the mtrogen 
content of the flue gas, since this came from the air, ^ e , 


79 5 

mols of air = 354 = 356 

79 1 


The heat to be recovered m the cooler is 85 per cent of 309,000 B t u or 
738 B t u /mol of air heated Since one mol of air at 70° has a heat con- 
tent (above 32° F ) of 243 B t u , at its point of exit from the cooler it will 
have 738 more, oi a total of 981 B t u , corresponding to 176° F as read from 
Fig 5, p 14 



°F 

Difference 

Temperature of air entering cooler 

70 

25 5 

Temperature of ore leaving cooler * 

95 5 

Temperature of ore entering cooler 

240 

64 

Temperature of air leaving cooler 

176 

Hence log mean temperature difference = 


41 8 °F 


^ Ore cooled 85 per cent of (240 — 70) 


The value of hA for the cooler is therefore determined by the equation 


M = 


Q/e 


(0 85) (309,000) 
(41 8 ) 


= 6290 


Since the original drier gave a total value of M of 10,600, and since the value 
of this quantity is obviously proportional to the volume of the drier, the 
6290 

cooler should be — rr the size of the drier, or 60 per cent To keep the air 
10,600 ^ 

velocity practically the same, the diameter should be the same, but the 
cylinder six-tenths the length 

This drier gives trouble in operation, in that the temperature of the dis- 
charging material fluctuates widely When the rate of feed decreases slightly, 
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the discharge is exceedingly hot, with an increased rate of feed, the material is 
incompletely dried The difficulty hes in the fact that the superheating zone, 
after evaporation is completed, is too short, and the gas temperature at that 
point too high To secure a larger factor of safety in operation, the super- 
heating zone should be longer and the gas temperature lower This can be 
accomplished by resort to the “double pass” principle (See p 500 ) 

3 Design of Air Driers for Sensitive Materials 

Introduction. — It should be noted that the basic diffeiential 
drying equation applies only under definite drying conditions In 
any continuous drier, drying conditions may vary from point to 
point in the apparatus, but since they remain constant at any 
given point Eq (5) applies at each such point It must therefore 
be applied differentially and integrated for the drier as a whole 
For the general case, t e , where both surface evaporation and 
interior diffusion should be taken mto account, integration is com- 
plicated Usually satisfactory approximate equations may be 
developed. 

Where interior diffusion is controlling it is usually allowable 
to neglect variation mama given drier and Eq (11) may be 
integrated directly, giving Eqs (12), (13) and (19) 

Where surface evaporation is the controlling factor the impor- 
tant variable is the humidity, and Eq (6) can be integrated as 
shown below Discussion is therefore limited to modifications 
of Eq. (6). For continuous apparatus where surface evaporation 
IS controllmg the general differential equations applicable to driers 
of adiabatic, constant temperature, or controlled humidity type 
wdl be derived Two such equations must be established, one 
for counter-current flow of am, and the other for parallel flow 
These equations will then be integrated for the special cases 
given Finally, a discussion of intermittent driers will be added 
In any drier m which the stock is dried by means of air, and 
where surface evaporation is the controlling factor, the differ- 
ential equation, as shown on page 517, is 

d{T-E) 20de 2[f{v)]{p,-v)de 
~ {T-E)~ L ' L ’ 

where, at any tune 6 , T is the total water on the dry basis, E is 
the equilibrium water on the dry basis, L is the thickness of the 
stock, (3 IS the experimentally determined coefficient of surface 



DRYING 


537 


evaporation for the definite drying conditions and particular mate- 
rial As indicated by the equation, /5=/ (v) (ps — p), wheie v is the 
mass velocity of the air past the stocky and p?— p is the partial 
pressure gradient of water vapor through the air film on the stock 
It IS convenient to substitute (Hs— H) for (ps — p), where Hs is the 
humidity of the inner face of the an film on the surface of the 
sheet, and H is the humidity of the drying air The change in 
units is obviously taken care of by the term 5, the experimentally 
determined constant in the surface evaporation coefficient, 

hf{v) 

^ 2 

It IS convenient to replace the term for free water (T—E) in 
Eq (6) by the term IT, the lbs free water per lb of bone dry 
stock Making these changes Eq (6) becomes 

dw h[f(v)m-H)dd 

w~ L ^ ^ 


General Equation for Counterflow Air Dners in which Surface Evaporation 
IS Controlhng Factor 


Since driers aie usually designed to give constant mass 
velocity of the gases, the term bf(v) remains constant throughout 
the drier In order to allow for the variation m the humidity {H) 
of the air passing through the drier, one may make a moisture 
balance between the water lost by the stock and that picked up 
by the air. The subscript 0 will be used to designate the con- 
dition of both air and stock at the end where the stock enters, 
and the lbs of free water per lb. of bone dry stock and the humidity 
of the air, will be called W and H respectively at any section x 
feet distant from the feed end and Wi and Hi respectively at the 
discharge end. The moisture balance between the feed end and 
any section x feet distant gives: 

Tfo-TE=r (Ho-ff), 


or 


H==Ho 


Wo-W 


where r represents the pounds of dry air per lb. of bone dry stock. 
It should be noted that this moisture balance is based on the 



538 


PRINCIPLES OF CHEMICAL ENGINEERING 


assumption of constant equilibrium moisture of the stock passing 
through the drier Then, at any point in the drier, the humidity 
gradient, or humidity driving force, AH equals 


or 




. (Wo-W) 

T ) 


H~H=\riH-Ho)+Wo-W] . . (20) 

7 


By combining Eqs (20) and (Oa), one obtains the general dif- 
ferential expression foi driers of this type 

-^ = ^^^lr(H-Ho) + Wo-W](W) . . (21) 


General Equation for Parallel Flow Air Dners in which Surface Evaporation 
IS Controlling Factor 

Calling the lbs of water per lb of dry stock at the feed end 
Wo and the humidity of the air entering at the same end Ho, 
a moisture balance ^ gives 

(Wo-W) = r(H-Ho), 
or 

r 

Hence the humidity gradient (AF) at any point m the drier equals 


H-H^~[r{H-Ho)-Wo+W] . 


( 22 ) 


By combining Eqs (6a) and (22) one obtains the general dif- 
ferential equation for driers of this type 

dW_h[f{v)] 


dB 


Lr 


[r(Hs-Ho)-Wo+W] (W) 


(23) 


The general equations (21 and 23) just derived apply to all 
counter-current and parallel flow driers respectively which operate 
at temperatures so low that the rate of surface evaporation 
is the controlling factor, however the heat he apphed to the dners. 
To integrate them, however, the exact method of heat supply 
must be taken into account. 


1 This equation also assumes E to be constant 
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t Equation for Adiabatic Driers , Counter-Current Flow , Surface Evaporation 
Controlling, No Shnnkage 


The salient characteristic of adiabatic driers is constancy of 
wet bulb temperature, te, ts = tw, and consequently = 
These driers are therefore used for mateiials sensitive to heat 
while still wet, as the stock temperature is automatically con- 
trolled (e g.y glue, sugar, heavy leather, vegetables, etc ) 

Since m any given drier of this type, Hw, Ho and Wo are con- 
stant, Eq (21) may be written as 


in which 


dW hf (v) dd 

(W) {M-W) Lt ^ 

M==r{H^-Ho)+Wo 


(24) 


Using the subscripts 0 and 1 to designate the condition of both air 
and stock at the feed and discharge ends, respectively, integration 
gives 


, ({Wo){M--W{)\_h[f{v)]Md 
\(^i) {M-Wo)} Lt ^ 


(25) 


where M is defined by Eq (24) 

If the total weight of dry stock exposed m the drier be called ', 
and the weight of dry stock fed per unit time be called R, it is 
obvious that 


where 6 is the drying time For example, Eq (25) may be written 
as 


( {Wo) {M-W{) \_ -b[f{v)]MR' 
\(TFi) (M-Wo)J LrR 


(25a) 


This type of drier, simple m construction and operation, can 
be used to control the humidity and temperature of the air with 
which the dried stock is m contact, and hence to control the 
moisture content of the product (e g , water of crystallization, 
textile products, etc ) and yet simultaneously secure rapid 
evaporation due to the high imtial temperature of the drying air. 

Illustration 2 (Adiabatic Counterfiow Drier.) — It is desired to design 
a contmuous, count&r-current, adiabatic, rotary drier to produce 500 lbs per 
hour of product containing 2 per cent moisture (wet basis), from a wet crystal 

^The assumption that Ha = Hv} is made to obtain an approximate 
solution (see Fig 101, p 447). 
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mass containing 50 per cent moisture (wet basis), using air with a humidity 
of 0 010, heated to a temperature of 250° F The air is to be cooled to 60 
per cent humidity To avoid blowing the material out of the drier, the air 
velocity must not exceed that in the experimental runs,^ i e , 10 2 lbs /sq ft / 
min The charge per unit volume shall also equal that in the experimental 
runs, 5 1 lbs of wet charge, or 2 55 lbs of dry per cu ft bf(v)/L = 0 70 

Solution. — First determine the dry material and water per hr The 
product, 500 lbs is 2 per cent water, or 490 lbs of dry and 10 lbs of water The 
entering water is equal to the dry material, or 490 lbs The evaporation is 
the difference, or 480 lbs Hence Wo = l 0, TFi = 0 0204, and 12 = 8 17 lbs of 
bone dry stock per min Next, determine the necessary air consumption 
Air at a condition of ^ = 250, Hi—0 010, cooling adiabatically to 60 per cent 
humidity falls to ^” 0 = 0 0411, Hto being 0 0442 (see Fig 102, p 443) The 
humidity increase is, therefore, 0 0311, or u = (8/0 0311) =257 lbs dry air/mm 
The allowable air velocity being 10 2 lbs /sq ft /mm , this requires a drier 
cross-section of 25 2 sq ft The equation for this case connecting the drying 
capacity and size is given as Eq (25a) 

/Wo(M-Wi)\ bf(v)MR' 
rRL ^ 

where 

M^r{H^^Ho)+Wo 

From the experimental runs hf{v)fL was found to be 0 70 Inserting these 
values in this equation, R' is found to be 2102 lbs of dry stock The drier 
volume must therefore be 2102/2 55 = 824 cu ft Since the section is 25 2 
sq ft , the length must be about 33 ft The material is in the drier a time 
B-R' IR — 2b7 mins To provide a reasonable factor of safety m capacity, a 
drier no less than 6 ft diameter by 40 or 50 ft should be used 

If the charge is fed to this drier below about 100° F (the wet bulb tempera- 
ture) its length must be slightly increased to provide for preheating the charge 
up to this point 

Illustration 3 (Adiabatic Counterflow Dner for Sheet Material.) — Let it 
be required to design a counter-current, adiabatic wire-shelf drier for a certain 
fibre-board, conforming to the following conditions 

Initial air temperature shall not exceed 120° F , H = 0 0053 

Initial water content of wet board, 70 per cent free water, wet basis 

Final water content of dry board, 10 per cent free water, wet basis 

Imtial wet sheets, 30 in by 42 in by -y- in , weighing 15 9 lbs each 

Maximum air velocity parallel to sheets, 4 ft per sec 

Humidity of exit air, 70 per cent 

Capacity, 1000 lbs product per hour 

Net space betw’'een shelves, 1 in 

Material does not shrink appreciably on drying, and 

^ Wo hf(v){H^-^H)e 

W L 

> See pp 552 to 554 
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where 

6/(i;)=0 277v/(v+Z 07) 

L IS the wet thickness m inches, d is the drying time in minutes, and v is the 
air velocity in ft per sec at 120° F and 1 atm parallel to the sides of the 
sheets, the material being placed on shelves of chicken wire and dried from 
both sides 

Solution — The hourly evaporation is 2000 lbs From the humidity chart, 
the wet bulb humidity, Hw, is 0 0162, while the humidity of the air leaving 
the drier, Ho, is 0 0148 The water picked up per 100 lbs of air is therefore 
100 (0 0148 — 0 0053) =0 95, whence the hourly air requirement is 211,000 lbs 
(u = 3520 lbs bone dry air per mm ) Since a linear velocity of 4 ft per sec 
corresponds to 980 lbs per sq ft per hr , the net cross-section available for 
air must be 215 sq ft , and the gross cross-section to allow for stock must be 
(1+-^) times as much, or 282 sq ft Since the humid volume at 120° F 
IS 14 7 cu ft per lb of bone dry air, the volume of entering air equals 

(3520) (14 7) =51,800 cu ft per mm at 120° F 


The drying equation for an adiabatic counterflow air drier is as follows: 


nWo){M-Wf) \ y{v)MR' 
\{Wi){M-Wo)) LrR 


. (25a) 


Since the pounds of bone dry stock per hour equals 900, r = 234 lbs of bone 
dry air per lb of bone dry stock, 1^0 = (70/30) or 2 33, Wi = (10/90) or 0 111, 
and ikf = r (H”^ - i7o) + TTo = 234 (0 0162 - 0 0148) 4-2 33 = 0 328 + 2 33 = 2 66 
Hence the left-hand member of Eq (25a) equals 


^ ^ , (2 33) (2 66-0 11) ^ 

2 3 logic ^ ^ =5 08 

^ 0 111) (0 328) 


15 

Since = (900/60) = 15 lbs of bone dry stock per minute, L =—=0 313 in., 

48 

and bf(v)=0 277 (4/7 07) =0 157, the right-hand side of Eq (25a) is 


(0 157) (2 66) (R') 
(0 313) (234) (15) ' 


whence R' equals 13,350 lbs of bone dry stock m the drier at any time, or the 
time of drying equals (R'/R) or 891 min Since each wet sheet weighs 15 9 lbs 
when containing 70 per cent water on the wet basis, each sheet contains 
(15 9) (0 3) =4 77 lbs of bone dry stock Hence the total number of sheets 
in the drier is (13,350/4 77) =2800 It would be best to place the long side 
of the sheets across the drier, thus having shelves 3i ft wide To provide 
282 sq ft of section one mav employ seven tunnel driers each 7 ft wide net, 
thus providing for 3| ft shelves removable from opposite sides of each drier, 
the shelf space being about 5 ft 9 m or 52 sheets high A section of the 
drier perpendicular to its length cuts, therefore, 728 sheets Hence the 
drier is 2800/728 or 3 85 sheets long Since m this direction each sheet is 
2i ft , this requires a drier shghtly less than 10 ft long To provide a reason- 
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able factor of safety, the drier must be built not less than 12J ft , preferably 
15 or even 17i ft long Note that the oversize is distributed entirely length- 
wise the drier, otherwise the air velocity would be reduced with a consequent 
loss in evaporation rate which at low air velocities would render much less 
effective an increase m size due to increase in cross-section 


Equation for Adiabatic Dners, Parallel Flow, Surface Evaporation Con- 
trolling , No Shrinkage 


Since in any given drier of this type r, Hw, Hq and Wo are 
constant, Eq. (23) may be written as 


dW b[f{v)]dd 
(W) (N+W) Lr 

in which 

N=r(H^-Ho)-Wo . . . (26) 


Using the subscripts 0 and 1 to designate the feed and discharge 
ends^ respectively, integration gives 


Ine 


/(Wo) (iV+TFi)\ h[f(v)] Ne^b[f (v)]NR' 
\(TEi) (N+Wq)J Lr LrR ’ 


N being defined by Eq. (26) 


Illustration 4. (Adiabatic Parallel Flow Dner.) — If the material of 
Illustration 2 be dried adiabatically in the same sort of apparatus, with the 
same initial drying conditions, hut mth parallel flow of air, the quantity of 
air, and hence the final humidity, both remaining unchanged, the quantity, 
N, IS found by substitution of these values to be 0 075, and from Eq (27) 


\Wo) (Ar+TFi) 1 _ bf(v)Nd 
(Wi) {N-\-Wo)\ Lr ' 


0 = 866 mmutes drying time reqmnng a correspondingly larger drier, as 
compared with 257 mins for counter-current flow 

The reason for this three-fold greater drying time and size of drier lies in 
the fact that counter-current flow maintains a high value of LH throughout 
the dry end of the apparatus, thus securing a relatively rapid drying rate in 
this zone, whereas parallel flow loads the air with moisture before it comes 
in contact with the nearly dry material, thus involving a low drying rate as 
the material nears dryness. 


Equation for Constant Temperature Driers; Counter-Current Flow; Surface 
Evaporation Controlling, No Shrinkage 

Materials injured by heat after they have become dry are 
usually dried in constant temperature dners This is necessary 
in the case of materials existing m large lumps or thick sheets 
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(for example, law lubbei), because when the drying operation is 
even paitially complete, the suiface of the sheet or lump is i da- 
tively dry, the remaining moisture existing only in the inteiioi. 
While the interior is therefore cold, the surface is practically at 
the temperature of the drying air and therefore liable to injury 
In present commercial practice, these driers are also frequently 
used for materials such as salts with water of crystallization, 
textiles, and the like, which, as will be shown later, are moie 
advantageously handled in other apparatus 

The drying capacity of any drier in which the air temperatuie 
is kept up to a constant level by supplying heat m the necessary 
quantity in the drying compartment itself, is found by the use of 
the integral of the general equation foi surface evaporation only 
and negligible shrinkage. 

_ dW h[}(v)]9 h[f(v)]R' 

Jwo (W) (AH) L LR 

This integral involves, however, not one but two variables, W 
and AH, and, unlike the case of adiabatic driers, it is impracticable 
to express AH algebraically in terms of W None the less AH can 
be found as follows For various values of W, between Wq and 

Wi, calculate H from H=Ho— . Knowing the oper- 

ating temperature, t, and the humidity, H, just calculated, H^^ 
can be read directly from the humidity chart. AH is H^ minus 
H Knowing AH for various values of W, it is possible to plot 
1/(W) (AH) against W, and the area under this curve is the integral 
required 


Illustration 6 (Constant Temperature Counterflow Dner for Sheet 
Material ) — Design a constant temperature counter-current drier for the 
fibre board of Illustration 3, other conditions remaining unchanged 

Solution — ^From the humidity chart, air leaving at 70 per cent saturation at 
120° F has a humidity Ho of 0 0562, and, since the air entered at Hi =0 0053, 
it picks up 0 0509 lb water per lb of dry air To evaporate 2000 lbs of 
water hourly requires therefore 655 lbs of air per minute (u) Since the air 
velocity IS 980 lbs per sq ft per hr (see Illustration 3) the net sectional 
area is about 40 sq ft , and the gross cross-section is (l+if) times as much, 
or 52 5 sq ft As before Wo — ^ 33, W = 0 111, H = 15 lbs of bone dry stock 
per minute, and r = (655/15) =43 7 lbs bone dry air per lb of bone dry stock, 
but R' must be calculated by graphical integration of the equation. 


dW bf(v)R' 
jw, WAH~ RL 


■ . . ( 28 ) 
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The variables, W and H, are connected by the water lialance equation, 


r 43 7 


From tins latter equation the values of W between the initial and final 
values of H have been calculated for several assumed values of W between 
the initial and final values of 2 33 and 0 111 lbs water per lb bone dry stock 
With these values of H the values of have been read from the humidity 
chart The difference between these two figures is AH, and from this 1/WaH 
can immediately be obtained The tabulated steps for the calculation of 
four typical points follows 


w 

H 


AH==Hy,-H 

1/WaH 

0 111 

0 0053 

0 0162 

0 0109 

826 

0 462 

0 0134 

0 0225 

0 0091 

238 

0 933 

0 0241 

0 0310 

0 0069 

155 5 

2 33 

0 0562 

0 0585 

0 0023 

186 5 


The last column (1/WAH) plotted against W is shown in Fig 129, the value 

of the area under this curve is 
found by plammeter to be 8 64 
squares, and allowing for the scale 
of the plot, 50 units per square, 
dW 



J rwo 
Wi ^ 


Fig 129 — Graphical Integration of 
dW/W(AH) 


^;=432 By substitution 
WaH 

in Eq (30), = 12,900 lbs bone 

dry stock m the drier, ^ e , fortu- 
itously the drier is of almost exactly 
the same size as before, but the 
cross-section is about one-fifth as 
great, the drier bemg longer to 
correspond Thiee driers, each SJ 
ft wide by 5 ft f in high will 
serve The theoretical length is 
about 48 ft A length of 75 or 80 
ft would allow a suitable factor of 
safety in operation Note that 
much less air is required for this 
drier at constant temperature than 
when operated adiabatically If 
the same amount of air were used 
in both cases, the constant tempera- 
ture drier would be smaller in 
volume than the adiabatic drier 
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When the an temperature is high (above 200 F ) the value 
of AH usually changes but little dm mg the drying operation In 

such a case an average value, used, 

and the equation becomes, where shrinkage is negligible 
Wo J[f(v)] (AH),. 


In -^ = 


LR 


(29) 


Illustration 6 (Constant Temperature Counterflow Drier ) — How much 
smaller could the diier of Illustration 2 be made if the air temperature could 
be maintained constant throughout its entire length at 250°, using, however, 
the same amount of air, each pound therefore pickmg up the same amount 
of moisture as before'? 

The initial value of Al/ is, as before 0 0345 The final value of A// 
as read from the chart for air at 250°, with H = 0 0411, is 0 0738—0 0411 = 
0 0327 The mean value of A iJ is 0 0336 The equation used to determine 
capacity for a counterflow constant temperature drier is given as Eq (29) 

, TTo hf(v)R'(AH),, 


whence by substitution of values, JS' = 1350 lbs dry stock, the drier volume 
IS 530 cu ft , the theoretical length is 21 ft as compared with 33 ft required 
for an adiabatic drier 

This drier could be made to operate at substantially constant temperature 
by supplying it with steam heating pipes along its length 


Equation for Constant Temperature Driers, Parallel Flow; Surface 
Evaporation Controlling, No Shrinkage 

As m the preceding case, the equation is, 


rwi 

Jwo ( 


dW 


bf(v)d h[f(v)]R^ 


(30) 


U, (W) (AH) L LR ’ 

which must be evaluated by graphical integration The difference 
fiom the preceding case lies in the fact that H, to be used in cal- 
culating AH, must be obtained from the expression, 


Controlled Humidity Driers. — Crystals containing water of 
crystallization must be dried without efflorescence because once 
the crystal water is lost, even m part, the form of the crystal is 
destroyed and the water recovered very slowly Certain materials 
containing adsorbed water deteriorate permanently if that water 
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be removed beyond a certain point (e g , soda-lime for gas absorp- 
tion) Finally certain materials must be dried to avoid injury 
(e,g j paper, etc.) In all these cases there exist definite limits of 
humidity and temperature which must not be exceeded in the 
drying process, t e , humidity must be controlled The mech- 
anisms for securing this control are described on p 506 The 
equations for the design of such driers are identical with those 
used for constant temperature driers, the one difference being 



that one must use the temperature corresponding to each value 
of the humidity limitations of the particular material being 
dried 

Illustration 7. Controlled Humidity Dner. (Counterflow Drying of 
Crystals.) — The determination of the humidity hmits which must be observed 
will be clear from the following illustration 

Crystals of Na2HP04 I 2 H 2 O lose water of crystallization if subjected to 
conditions of temperature and humidity corresponding to any point below AB^ 
in Fig. 130. The same crystals will deliquesce, i e , dissolve to form a solution, 
^ For the construction of these curves see pp 556 to 557 
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at any condition above the line CB Therefore, drying conditions must be so 
chosen that the drying air will at all times be represented by some point in the 
field ABC In practice it will be necessary to design the drier to operate 
above along some such hne as DEj chosen to secure a satisfactory 
factor of safety against efflorescence, and below the line EF, this latter being 
sufficiently low to maintain a reasonable evaporative rate Furthermore, the 
crystals must be cooled and stored prior to packing, m air the humidity of 
which hes in the same field It is obvious from the plot that the temperature 
of the crystals leaving the drying zone theoretically must not exceed 97° and 
for safety should be below 86° This latter temperature gives, however, a 
humidity difference and hence a drying rate so low that it is agreed not to 
allow the air to rise above 85 per cent humidity. Therefore it must not rise 
above 79° If, for example, air at 70° F and of 80 per cent humidity is to 
be used, design the drier to operate with a counter-current stream of air, 
entering at the point G, and rising m temperature as its humidity mcreases 
along the curve GE, the air being discharged at 79° F with a humidity of 85 
per cent In this way one will at aU times maintain the highest drying 
temperature and evaporative rate consistent with safety 

Assume that it be required to produce hourly 200 lbs of crystals of appar- 
ent specific gravity 0 9, containing not over 0 5 per cent moisture (wet basis) 
from wet crystals carrying 5 per cent of free water, wet basis In the drier 
the crystals rest in a layer 1 in deep in perforated trays set to give 1 in clear 
space between the trays Between these trays air passes at a rate of 25 lbs 
per square foot of clear cross-section per minute For the sake of illustration, 
assume that under these conditions experiments show that a drying coefficient, 
bf{v)/L, equal to 3 0 ^ can be realized and that the material contains no 
^'equihbnum moisture ” 

Solution. — Two hundred pounds of product containing 0 5 per cent mois- 
ture corresponds to an hourly evaporation of 9 48 lbs of water R equals 3 32 
lbs of dry stock per mm The air enters the drier with a humidity of 0 0125 
and leaves with a humidity of 0 0188, hence each 100 lbs of air pick up 0 63 lbs 
of water, requiring for the above amount 1505 lbs of air per hour, or 25 1 lbs 
per mm The net cross-section of the drier is therefore 1 sq ft , and the gross 
cross-section is 2 sq ft , neglecting the thickness of the trays 

The length of the drier depends upon the number of pounds of dry stock, 
R\ which must be in it at any time to produce 200 lbs of product per hour 
This quantity is given by Eq (29) 

^ Wo bf(v){AH)^yR' 

— ib — ’ 

provided (AH) varies only slightly throughout the drier 

The water on the wet crystals exists as a saturated solution and during 
drying will not be at the wet bulb temperature, but owing to vapor pressure 
lowering, at a somewhat higher temperature than this, with a percentage 

1 hf(v) 

=3 0, when using time in minutes and AH as m this illustration. 

L 

See Eq (29) p 545 
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humidity of about 98 From the humidity chart it will be seen that air 
entering the drier at 70° F and = 0 0125 has a wet bulb temperature of 
66° F and a humidity at the wet bulb temperature of 0 01345 By interpola- 
tion on the coohng hne the value of H is 0 01336, givmg ot Hg—H equal 
to 0 00086 Similarly at 75° AH equals 0 00077, and at 80°, 0 00062 The 
change in value of AH with temperature is therefore not so great but that an 
average value (Aifav) of 0 00075 may be employed in the above equation 
By substitution R' (dry basis) is found ^ to be 3465 lbs , corresponding to 
about 3480 lbs product in the drier at any time This product weighs 



Side Elevcihon End Elevation 

Fig 131 


56 1 lbs per cu ft. and has a volume therefore of 62 1 cu ft Since the net 
cross-section of crystals is 1 sq ft , the length of the drier must be 62 1 ft 
Such a drier provides for sufficient air at the proper velocity flowing 
counter current to the stock, its dimensions are, however, impractical The 
same conditions may be maintained by constructing the drier as shown in 
Fig 131. If trucks 5 ft high, 3 ft wide and 2 ft 8 ins long are used, each 
truck will contain thirty shelves Each truck will then hold 

(30) (3) (2 67) (1/12) =20 cu ft of crystals, 


(3 0) (0 00075) (R') 


whence 


.2 /J155ZL«L\ 

® \(0 005/0 995)/ 


3 32 
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hence about three trucks aie needed to hold 62 cu ft of crystals In order to 
piovide a suitable factor of safety, si\ trucks should be used 

The enclosure AB is the tunnel with inside dimensions about 5 ft high 
by 4 ft wide by about 16 ft long Through this space aie propelled six trucks, 
each supporting thirty shelves The air has in addition to its motion counter 
to the trucks a rapid transverse circulation across the trucks as indicated by 
ariows This transverse movement is reversed in successive compartments 
to secure uniformity in drying Short-circmtmg of the air is prevented by 
the horizontal partitions D, leather flaps E being used as seals at the lines of 
contact Heating elements must be provided in the sides of the drier, so 
controlled as to maintain the required temperature-humidity relations at 
each point. 


Intermittent Adiabatic Dners 

Occasion may arise for the use of an intermittent adiabatic 
drier, ^ e , the drier being filled with charge, and then run until 
the drying process is completed, when it is emptied to give way 
to a new charge Such an arrangement is always to be avoided, 
if possible, as it involves firsts slow drying toward the end of the 
cycle, with consequent low drying efficiency, t e , poor utilization of 
the heat content of the air, and second, unequal drying due to the 
rapid drying of the stock at the point where the fresh, dry, hot 
air enters, and slow evaporation at the other end where the 
cooled, moisture-laden air leaves 

This second disadvantage can m a large degree be eliminated 
by using either a short, rotary drier with provision for mixing 
the charge from end to end during the drying, or using a shelf 
or tray drier, and in either case periodically reversing the 
direction of the air current. In such an apparatus the rate of 
drying varies from point to point at any given time during the 
drying cycle, due to the rise m humidity of the air as it traverses 
the apparatus, and decreases as the drying proceeds, due to the 
influence of the continually decreasing moisture in the stock. 
In other words, the drying rate is a function of two independent 
variables, le , oi the time in the drying cycle, and of the location 
of the stock in the drying apparatus with reference to the points 
of entrance and exit of the air These conditions, however, obtain 
m the small scale experiments which are necessary to establish, 
for any given materials, the constants required for the design of a 
drier The consideration involves the solution of a partial differ- 
ential equation. 
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Denvahon of Eguahori — For such a case, ^ e , where the charge is kept 
thoroughly mixed, let 2 = the actual total water content m the drier at any 
time, 0, from the beginning of the run, iy = the concentration of water in the 
stock, a = the surface area of the stock, available foi evaporation, per unit 
volume of the drying equipment, /S = the cross-section of the apparatus, 
X = the distance of any specific point in the apparatus from the end at which 
the air leaves. As the water content of the differential length of drier. 
Ax, H =the humidity of the drying air at the point x in the drier, and 
that corresponding to the wet bulb temperature, 2 i = the weight of dry air 
passing through the drier per unit time 

The differential equation expressing the drying mechamsm is, 


d(A2) 

dd 


_ L _ 


[{w){a)mAx){L)] 


Smce all water evaporated goes into the air, the right-hand side of this equa- 
tion, representing as it does, the water carried out of the section under con- 
sideration per unit time, must equal that picked up by the air 


By integration, 


uLH — — hJ(v)w(HtD—H)aSAx 


, bf(v)waSx , ^ ^ 

— j-constant; 


or if Fo = the humidity of the air leaving the drier, at = 

Hio—H hf(v)waSx 

ET ' 

Hto—Ha u 

an equation which applies at any time, 6 

It IS obvious from a water balance that throughout the drying period, 
-dz-=(u)(Eo-H)dd 
However, from the preceding integral, 

H,-H 

H„-H ~ H„-H ~ “ ■ 

w z 

Since — — — , when the subscripts, 0, apply to the condition of the stock enter- 

Wq Zq 

mg the drier at the time, ^ = 0, 

r -d/(v)ziiozaSx l 

-dz = u(ff^-H)[l~-e jdd, 


^ The fact that H vanes only with x is indicated by writing the differential 
coefficients of these variables as AH and Axj since the moisture z vanes only 
with e, the differential coefficients of these variables are written as dz and dd 
It should be noted this meamng of AH is different from that used elsewhere 
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or if, 

be designated by Q, 

UZq 


-dz = {u){H^-H)[l -e-^^]d0, 

or by integration, 

3 Qz (z) 

If / be used to designate the function, 

and fo=^ ~[ln(l-e-0^% 
Qzq 

this equation may be written as, 

/+-(l-/o) -1 = («) (H^-H)-=F 
z z 


(3 


1 ^ 


. (31a) 


It IS possible to simplify the term, 


hf(v)wQzSax hf{v)z 
to 


since the total 


UZq uL 

evaporative surface, Sax, is proportional to zq and inversely to L, and since 
Wo can be assumed constant in a given drying problem, hfiv) thus becoming 
the coeflacient of evaporation of the material in question, hence, 




hf(v) 

uL 


Equation (31a) cannot be solved directly for u or z, but can be solved for 9, the 
quantity most frequently sought in drier design Its mam use is in calculat- 
ing the results of experimental runs (see pp 552 to 554) in which case it is 
solved for Q by successive approximation, keeping in mind the facts, first, 
that / is m a definite function of Qz, (see Fig 132), and second, that/o and/ 
must correspond to a ratio of Qzq over Qz equal to zo over z 


In all these equations for driers which involve the basic equa- 
tion for drying rate under constant drying conditions the term 
f(v) represents the same quantity Its absolute value will vary 
fiom material to material, and, in the case of a given material, 
will be less in any type of drier offering inadequate surface ex- 
posure. It should be noted that/(v) is independent of the size 
of the drier or the scale of the drying operation. 

The capacity of a drier is proportional to its size, provided, 
first, that the air supply be kept strictly proportional to the 
water to be evaporated, second, that air velocity past the material 
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be unchanged, third, that the wet material be dried from the same 
initial to the same final water content; fourth, that the average 
thickness or dimension of the material be constant, fifth, that the 
temperature and humidity of the initial air be kept the same, and 
finally, sixth, that the degree of exposure of the surface to the 
drying air be maintained If in experimentation these con- 
ditions be fixed at the values it is desired to realize m practice 
then the size of a diier of exactly the same type can be figured by 
simple proportionality When, however, any one of these con- 
ditions IS to be different from those obtaining in the experiment, 

5-0 
4 0 
3 0 
2 0 

1 0 

0 5 
0 4 
0 3 

0 2 

0 1 

0 05 
0 04 
0 03 

0 02 - 
0 01 


0 01 0 1 10 ^ ^ ^ 10 0 100 0 

Fig 132 

or another type of flow is to be used, proportionality no longer 
holds, and lesort must be had to the equations 

As has already been emphasized, the constants for the design 
of drying apparatus must be determined by experimentation 
upon the material itself In such experiments it is important 
to have the nature of exposure of the material to the drying air 
similar to that in the apparatus which it is proposed to build. 

Interpretation of Laboratory Data for an Intermittent Adiabatic Dner 

For example, let it be required to build a rotary drier, in 
which wet crystals, insoluble m water, relatively fine, but not a 
powder, are to be dried. The crystals carry on the average their 
own weight of water. In the laboratory these crystals were dried 
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in a small improvised expeiimcntal apparatus, consisting of a 
6“in galvanized stove pipe, 5 ft long, to the inside of which were 
riveted flat 1-m shelves of sheet metal, ladially diiected It 
was supported on a small iron pipe, and was rotated at 30 r p m 
The preheated air was forced through the drier by a small 6-in 
fan The drier handled several pounds of the wet crystals, and 
for convenience^ was run intermittently until the charge was 
satisfactorily dry The apparatus was easily constructed and 
operated, the log sheets of two characteiistic runs are given 
below 

The equation for an adiabatic drier operated intermittently 
applies to this operation, indeed the most frequent use of this 
equation is m the interpretation of such small scale experimental 
data 

The value of Q for these runs was found by trial and erior (see 
p 551), using the curves of ‘V’’ vs (shown in Fig 132, p 

552) in connection with Eq (31a) 


f+j (1 -/«) = 

Different values of Q were tried until one was found which made 
0 2'0 

the columns, u (Hw— H)-j and /+— (1— /o)-~l, the latter expres- 
z z 

Sion being designated F, as nearly equal as possible These values 
may be made exactly equal for the data corresponding to any 
one time of operation. Theoretically they should then be equal 
throughout the run Deviations at other experimental points 
are due to experimental error and to the fact that the theory is 
but an approximation. That value of Q should be chosen which 
makes the results as a whole most nearly concordant. Aftei a 
little experience the determination of Q for a given lun is a simple 
matter 

The average lump size of this material is unknown but approxi- 
mately constant. The term L is, therefore, not separately 
estimated, the whole expression bf(v)/Ly being considered as the 
drying coefficient, 

1 Since the interpretation of the data was rendered complex by the use of 
intermittent operation, it would have greatly simplified calculations if the 
drier had been operated continuously. 
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Drying Wet CR'iSTALS 

Run 1 t4 = 2 lbs of bone dry air/mm 
Weight of charge = 5 lbs 
Atmospheric moisture, H = 0 009 
Air temp , 260° F , H^o~0 046, u{Hw—H) =0 074 
Initial moisture = 50 4% (wet basis) 

Final moisture = 10% (wet basis) 

Q = 0 336, /o = 0 66, hf{v)/L = 0 67 


Time 
(Mm ) 

Loss in Weight 

z = Water Content 
of Sample (Lbs ) 

9 

0 074- 
z 

F 

0 


2 52 



30 

0 87 

1 65 

1 3 

1 0 

60 

0 43 

1 22 

3 6 

2 4 

90 

0 32 

0 90 

7 4 

4 5 

120 

0 75 

0 15 

59 2 

63 7 

150 

0 12 

0 025 

444 

i 

610 


Run 2 ti = 2 lbs of bone dry air/min 
Weight of charge = 6 lbs 
Atmospheric moisture =0 008 
Air temp , 220° F , Hu, = 0 037, u{Hy,-H) =0 058 
Initial moisture =32% (wet basis) 

Final moisture = 3% (wet basis) 

Q = 0 35, /o = l 47, hf(v)/L^0 70 


Time 
(Mm ) 

Loss in Weight 

2 : = Water Content 
of Sample (Lbs ) 

$ 

0 058- 
z 

F 

0 ! 


1 60 



30 

0 62 

0 98 

1 77 

1 87 

60 

0 25 

0 73 

4 77 

3 79 

90 

0 37 

0 36 

14 5 

13 7 

120 

0 13 

0 23 

30 2 

27 9 

150 

0 13 

0 10 

87 0 

87 5 


The velocity in this drier is relatively low, but it was found impossible to 
operate it at higher velocity without excessive dusting 
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Nomenclature ^ 


English Symbols 

a = Shrinkage coefficient of stock L=LQ[l-\-a(T —E)] 

A = Surface of either side of sheet 
6 = Constant 
C = Drying coefficient 
d = Prefix, indicating differential quantity 

E = Equilibrium laoistuxe, lbs of equilibrium water per lb of bone dry 
stock 

f{v) =An empirical function of mass velocity of air 
H = Humidity of air, lbs of water vapor per lb of bone dry air 
K = Drying coefficient = k 
L = Total thickness of stock 
M = A constant =7 {Hy^—EQ)-\-WQ 
N=A constsint —r{Hw— H o) — Wo 
?^=An empirical exponent m the skm effect equation 
p = Partial pressure of water vapor 

r = Weight ratio of air to stock, lbs of bone dry air per lb of bone dry 
stock 

R' = Total weight of bone dry stock in the drier, lbs 
R = Rate of feed or discharge of bone dry stock, lbs per unit time 
T — Total moisture in stock, lbs of total water per lb of bone dry stock 
t=Air temperature, deg Fahr 

w = Rate of flow of air through the drier, lbs of bone dry air per unit time 
V = Mass velocity of air, weight per unit time per unit of cross-sectional 
area 

w = Actual concentration of free moisture, weight per unit volume of stock 
W = Free moisture in stock, lbs of free water per lb of bone dry stock = 
T-E 

a; = Thickness of skin effect 

y= Average concentration of free moisture, weight per unit of volume of 
stock 

2 = Distance from center-lme of sheet m the direction normal to the 
surface 

Greek Symbols 

a = Coefficient of diffusion of liquid water through the stock 
0= Coefficient of evaporation of water from the surface of the stock, 

(Ps-p)=hM {Hs-H)/2 

8 = Prefix, indicatmg partial differential quantity 
AH = Humidity driving force 
Af = Temperature difference, or dnvmg force 
0=Time 

^ These definitions are adhered to throughout this chapter, except in the 
derivation of Eq (31a), see pp 550 to 551 
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Subscripts 

s refers to the condition at the surface of the stock 
w refers to the condition at the wet bulb temperature 
e refers to the equilibrium condition 
a refers to air 

0, m the equations for intermittent driers, refers to the conditions at the 

start of the drying operation In the equations for continuous driers, 
o refers to the condition of both air and stock at the end of the drier 
where the stock enters the apparatus 

1, in the equations for continuous driers, refers to the condition of 

both air and stock at the end of the drier where the stock leaves the 
apparatus 


CONSTRUCTION OF Na,HPOa2H20 CURVES (Fig 130, p 546 ) 


The humidities determining curve AB are calculated from the decom- 
position pressures ^ (P) of Na 2 HP 04 I 2 H 2 O at various temperatures 2 and 
from the pressures (Po) of water at the same temperatures ^ as shown by the 

ISCP) 

relationship, H = 29(760 — ^ results are given in Table I 


TABLE I 


t 

P 

Na 2 HP 04 l 2 H 20 

H, 

Per Cent 
Humidity 

H 

Po 

42 2 

4 61 

0 00378 

7 39 

0 00610 

62 0 

51 5 

6 38 

0 00526 

9 69 

0 00800 

65 7 

59 0 

8 84 

0 00730 

12 73 

0 01056 

69 1 

63 1 

10 53 

0 00872 

14 70 

0 01228 

71 0 

68 3 

13 09 

0 01087 

17 56 

0 01470 

73 9 

73 4 

16 19 

0 01350 

21 0 

0 01764 

76 5 

80 6 

21 58 

0 01814 

26 5 

0 02243 

80 8 


For nomenclature, see p 557 


1 All values of pressures are given m mm of mercury 

2 Frowein, Z physik Chem , 1, 1 (1887) 

3 ScHEEL and Heuse, Ann Physik (4), 31, 715-730 (1910 ) 
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In determining curve CB the humidity of air in equilibrium with the 
saturated solution (IIs) is calculated as before, and expressed in terms of 
that of air saturated at the same temperature 

The vapor pressures of the saturated solutions at the temperatures of 
saturation, however, have not been determined, and must be obtained indi- 
rectly The solubilities (J),i e , the composition of the saturated solution at 
any tempeiature^ and the pressures (P 760 ) of solutions of varying strength 
at 212° F 2 are available Making use of the fact brought out in the dis- 
cussion of Evaporation (p 428) that the relative vapor pressure lowering 
of any solution not too concentrated is independent of the temperature, 
one can calculate the relative lowering from the data at 212°, and then 
obtain the pressure at the saturation pomt (ps) from the pressure (Po) of 
pure water at the saturation temperature These steps are indicated in 
Table II 


TABLE II 



S 

0 
<0 

pC 

1 

0 

1> 

pC 

1 

§ 

0 

0 

rH 

760 

cC 

Po-P. 

fC 

fcq 

0 

tel 

Per Cent 
Humidity 

30 4 

1 9 

3 23 

425 

4 29 

02 

4 27 

0 00351 

0 00352 

99 6 

32 

2 5 

4 25 

559 

4 58 

03 

4 55 

0 00374 

0 00376 

99 3 

50 

3 9 

6 62 

871 

9 18 

08 

9 10 

0 00752 

0 00758 

99 2 

68 

9 3 

15 78 

2 076 

17 41 

36 

17 05 

0 01425 

0 01454 

98 0 

86 

24 1 

38 2 

5 03 

31 56 

1 59 

29 97 

0 02547 

0 02690 

94 7 


t = ° Fahrenheit 

/ = grams anhydrous salt / 100 grs water in saturated solution 
760— P 7 Go = vapor pressure lowering at 42° F , mm of mercury 
100(760 -P 7 C 0 ) 

= per cent vapor pressure lowering 


Po = pressure pure water, mm of mercury 
P- pressure of solid duodecahydrate, mm of mercury 
Po = humidity of saturated air, lbs water vapor per lb dry air 
H = humidity of air in equilibrium with duodecahydrate 
Ps = pressure of saturated solution, mm of mercury 
P's = humidity of air in eqmhbrium with saturated solution. 


1 MtTLDEK, Bijdragen tot de geschiedenis van het scheikundig gebonden 
water, Rotterdam (1864) 

2 Tammank, Mem Acad Petersburg, 7 , 35 (1887) 





CHAPTER XVII 


DISTILLATION 

INTRODUCTION 

In Chapter XII the phenomena of vapor pressure were dis- 
cussed in detail, and it was pointed out that if two substances 
at any temperature possessed a marked difference in their vapor 
pressures, this difference could be made the basis of a method 
of separation of the two, and if one or both of the substances were 
recovered by condensation, the process was called distillation} 
Vapor Composition. — As there explained, an equilibrium is 
established at any temperature between a liquid or a mixture 
of liquids held m a containing vessel, and the vapor existing 
above it Since it is this vapor which ultimately passes out of 
the containing vessel and when condensed forms the product of 
the process, the question arises, what is the relation of the com- 
position of this vapor to the composition of the liquid from which 
it came and with which it is in equilibrium? The a^sv er to this 
question is different for different kinds of mixtures, and to com- 
prehend the problems of distillation, these kinds of mixtures 
must be considered from this point of view 

Liquids with but one Volatile Component — Obviously, if a 
volatile component is to be separated from a non-volatile one, 
the operation is comparatively simple, and has in principle been 
described under Evaporation on page 380 It is necessary only 
to volatilize it in one vessel and to condense it m another to 
accomplish this purpose 

Immiscible Liquids — In a mechanical mixture of two mutu- 
ally insoluble liquids sufficiently well agitated to prevent strat- 

1 Destructive distillation may be described as a thermal decomposition of 
non-volatile material with the formation of products which lend themselves 
to separation by the methods here described 
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ification (for example turpentine and water, heavy fatty acids 
and water), a dynamic equilibrium is established between the 
liquid and the vapor when the number of each kind of molecules 
leaving the liquid is just balanced by the number of molecules 
of each kind again entering the liquid Since they are not 
mutually soluble, each liquid will exert a vapor pressure of its 
own just as though it alone were present. The pressure existing 
over the liquid mixture will, therefore, be the sum of these indi- 
vidual pressures, and it follows that a pressure equal to the 
atmosphere will be reached and boiling therefore result^ at a tem- 
perature below that at which either of the component liquids would 
boil alone ^ 

The relative amount of the components in the vapor as it 
passes into the condenser depends upon the relative volatilities 
of the components as measured by their vapor pressures, and 
hence is independent of the amount of the components present 
in the liquid. If in ,a mixture of liquids A and B (or more), 
the partial pressures are Pa and pb and the molecular weights 
in the vapor form are Ma and Mb) then the ratio of the weights 
of the components in the vapor is 

Wa _ PaM A 

Wb PbMb* 


These facts form the basis of a highly important type of 
distillation in which a high-boilmg liquid is distilled at a com- 
paratively low temperature by the injection of some low-boilmg 
immiscible liquid or its vapor into the still. (See Steam Dis- 
tillation, p. 565 ) 

Mutually Soluble Liquids — Referring again to Chapter XII, 
it is noted that where two liquids are mutually soluble, the vapor 
pressure of each is decreased by the presence of the other, and 
therefore the sum of their vapor pressures is less than the sum 
of the vapor pressures of the two liquids before mixing. In this 
case the composition of the vapor is not independent of the 
relative amount of the components of the mixture, but is pro- 
foundly influenced thereby Sometimes this composition can be 

^ If the liquids be to any extent mutually soluble, the individual vapor 
pressures are decreased, and the mixture must be heated to a higher tem^ 
perature to reach its boihng point See pp 382 to 385. 
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calculated from the known vapor pressures of the individual 
pure liquids. When the molecules of two liquids are of relatively 
the same size, and when there are no complicated effects when 
mutually dissolved, such as molecular association, chemical 
reaction and the like, the composition of the vapor is given by 
what IS known as Raoult’s law This law states that that part 
of the total vapor pressure of a solution of two liquids which is 
caused by one of the components will equal the product of the 
vapor pressure of that component in its pure state, and its mol- 
fraction in the liquid ^ 

This law, together with Henryks law will be further dis- 
cussed and applied m the design of distillation apparatus on 
page 576 et seq But it may be said that in general the com- 
position of the vapor arising fiom a solution of one liquid m 
another is an empirical function of the composition of the solu- 
tion and must be experimentally determined 

Underlying Principles of Separation. — Certain generalizations 
may be drawn from the facts just presented that are helpful in 
obtaimng a survey of those processes of separation through dis- 
tillation where two or more volatile components are involved 

Assume a solution of two liquids, such as benzene and toluene, 
or alcohol and water, in which one component has a larger vapor 
pressure than the other. Although the presence of one com- 
ponent will decrease the vapor pressure of the other, yet the 
vapor arising from the liquid will normally be richer m the lower 
boiling component than the liquid from which it comes, — roughly 
in the proportion of their individual vapor pressures If this 
relationship between the composition of the liquid, the boiling 
point of the liquid and the composition of vapor in equilibrium 
with the liquid at its boiling point be plotted, a possible method 
of separating the components becomes evident. 

^ By mol-fraction (mol per cent divided by 100) is meant that fraction 
of the entire number of molecules making up the liquid which is represented 
by the molecules of the component under consideration It is obtained from 
the weight per cent composition 2 of a liquid by the following equation 


Mol-fraction of A = - 


Ma 


tTT "^77’d-etc 
Ma Mb Me 
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In Fig 133 IS shown as curve ABC the boiling points at atmos- 
pheric piessuie of all mixtures of benzene and toluene fiom pure 
benzene (100 weight per cent of benzene) at the right, to pure 
toluene (zero per cent benzene) at the left A second curve 
ADC, can be constructed from empirical data which will show 
by following a horizontal line, the composition of the vapor in 
equilibrium with any mixture of the two components at its 
boiling point Suppose, for example, a mixture of 20 per cent 
benzene and 80 per cent toluene be heated It will boil when 
the temperature reaches the point E (101° C ) on the curve, and 
the vapor which comes off will have the composition represented 



Fig 133 — Boiling Point and Vapor Composition vs Liquid Composition 
Curves for Mixtures of Benzene and Toluene 


by the point F on the second curve This vapor if condensed 
would give a liquid of the composition 38 per cent benzene and 
62 per cent toluene Obviously the liquid remaining in the 
still will now contain less than 20 per cent benzene and will 
boil at a higher temperature, that is, further up the curve ABC, 
and will yield a vapor of a composition determined by the curve 
ADC It IS seen that while by such an operation the distillate 
will at any time be richer in the lower boiling component than 
the liquid remaining m the still, complete separation is impossible 
If, now, the vapor which was given off when the liquid boiled 
at temperature E and which m composition is represented by 
F, be condensed and heated by itself, it will boil at temperature 
G and give off vapor having the composition JJ. If this m turn 
be condensed and again heated, it wiU boil at I producing a 
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vapor of the composition J, and so on until almost pure benzene is 
obtained near C. Or, what amounts to the same thing, if the 
vapor formed at E with the composition F be cooled from the 
temperature at F (101"^ C ) to the temperature at G (94° C ), 
vapor of the composition H much richer in benzene will persist, 
and the remainder of the vapor will condense to form a liquid 
poorer in benzene with the composition corresponding to G 
Thus by controlled condensation the same result will be obtained 
as by complete condensation followed by revaporization 

When the vapor of composition H falls in temperature to the 
point /, some of it will condense to a liquid poorer m benzene 
than that represented by /, by the amount of benzene which has 
remained in vapor form of the composition represented by J. 
This liquid poorer in benzene than I will, if returned to the still, 
immediately boil, again taking heat from the still. When the 
vapor of composition F falls m temperature to the point G and 
partly condenses, it must give off heat equal to the heat of 
condensation of the liquid formed. If now the liquid condensing 
at 7, which is richer in benzene than that condensing at ff, can 

come in contact with the vapors 
condensing at G, the heat of con- 
densation here set free will im- 
mediately boil the liquid condens- 
ing at 7, and no heat will be taken 
from the still. In other words, the 
hot vapor rich m toluene will boil 
the cooler liquid rich in benzene, 
forming from the first a liquid yet 
richer in toluene, and from the 
latter a vapor yet richer in benzene 
without the consumption of more 
heat from the still 

An apparatus in which these 
conditions are realized is shown m Fig. 134, where E, G and 7 are 
stills, each supplied with a heating coil and a discharge for 
the vapor, and in which are placed mixtures of benzene and 
toluene having the composition represented by the points E, G 
and 7 corresponding to the boiling points E, G and 7 on the 
curve ABC in Fig. 133, p. 561 The coil m E is heated 
by steam which boils the liquid of the composition E, evolv- 



Fig 134 
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mg vapor of the composition F, at the temperature of Ej 
which passes into the heating coil of the still (?* Here the 
vapor condenses and liquid of the composition F runs out of 
the coil into a receiver. But the condensing vapor m the 
coil boils the liquid in G, and vapor of the composition H passes 
into the coil of the still /, and so on In this way successive 
stills will deliver vapor ever richer m benzene until, if enough 
be employed; almost pure benzene will be obtained. 

But the effluent from the coils m the still G is of the same 
composition as the contents of still G and can be added to it 
Since this is the case, one can as well allow the vapor from still E 
to pass directly into still G and condense therein a liquid richer 
in toluene and evolve a vapor richer in benzene. 

An apparatus in which this direct interchange of heat and 
consequent condensation and evaporation can take place is 
called a rectifying column^ and the process earned on within it is 
called rectification 

Such a system is shown in Fig 135, where >S is a still body or 
kettle Resting on the outlet of the still is a column divided 
into compartments by plates perforated 
iwith small holes Each plate has an 
overflow pipe discharging into a pool 
of liquid on the plate below. The layer 
of liquid on each plate is prevented from 
passing down through the holes by vapor 
which is passing up through these holes, 
from the compartment next below. Any 
excess liquid accummulating on the plate 
flows down through the overflow pipe 
The letters on the apparatus correspond 
to those on Fig. 133, p 561. Vapor from 
the still at temperature E and composi- 
tion F passes up and partly condenses Fig 135 

at temperature G in compartment G, 

with a composition slightly poorer in benzene than that 
corresponding to G. Here is evolved vapor of the compo- 
sition H which bubbles up through the liquid on the next 
higher plate which is richer in benzene, with the composition /. 
Here again condensation takes place at the temperature of I and 
the heat evolved sends off vapor of composition even richer 
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in benzene. This can be repeated any numbei of times, and the 
vapoi finally issuing from the appaiatus at the top and into the 
condensei is practically puie benzene As in the previous illus- 
tration, each one of the compartments in the column may be con- 
sidered a small still in which the source of heat is the hot vapor 
coming fiom below, and the cooling element (condenser) is the 
cooler liquid from the plate above. 

The relationship here pictured is in fact valid only in case the 
molal ratio of liquid overflowing from plate to plate to the vapor 
rising through the plates is practically unity, i e , the ratio of 
distillate to liquid vaporized is exceedingly small In practice 
less overflow must be employed to reduce the heat consumption, 
and the rate of enrichment is much less lapid than that indicated 
in the explanation This special case is discussed here because 
it brings out clearly the nature of the underlying phenomena 
It corresponds to the asymptote of Fig. 160, p 621 

Liquid Mixtures with Constant Boiling Point — It sometimes 
happens that a mixture of two mutually soluble liquids will evolve 
a vapor richer in the lower boiling one for all compositions up to 
a definite point At this definite composition the vapor in 
equilibrium with the liquid has the same composition as the liquid 
A mixture of this definite composition will then continue to boil 
at one temperature without effecting any separation of the two 
components, even though they possess different vapor pressuies 
when in the puie state Beyond this definite point of concentra- 
tion, vapor in equilibrium with the liquid is richer in the higher 
boiling component. Such a liquid is said to have a constant 
boiling point. This phenomenon is a relatively common one, 
and can best be understood by a consideration of the direct 
relationship of composition of vapor to composition of liquid 
discussed at length on pages 589 to 594 


DISTILLATION PROCESSES 

One Volatile Component Present in Relatively Large 

Amount 

Volatile Component Low Boiling. — The method and apparatus 
used in separating a very volatile component when present in 
large amount from a non-volatile one, are essentially the same 
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as those described under Evaporation A surface condenser 
must here be used, while the operation may be carried on undei 
any desired pressure The multiple-effect principle is not 
employed in distillation, usually because the small scale of 
operation does not justify the expense of such equipment. In 
distillation practice the stills are usually “ pots,’' either direct- 
fiied, steam-jacketed, or heated by steam coils within them. 

Stills similar m construction to the evaporator bodies described 
on pages 408 to 415 will, on account of better heat transfer coeffi- 
cients, give greater capacity. The only arguments against the 
latter are the larger number of joints, with the correspondingly 
greater danger of leaks through gaskets, especially where organic 
liquids aie being heated, and the much greater difficulty of 
cleaning out sticky and adherent residues 

The Volatile Component High Boilmg; Steam Distillation, — 
Volatile organic liquids containing non-volatile impurities m 
relatively small amounts are frequently met, where the boiling 
point is so high that incipient decomposition may take place if 
distilled directly at atmospheric pressure Even where this 
would not occur upon the distillation of the pure liquid, the 
impurities may be sufficiently soluble m it that when they are 
concentrated, the viscosity of the liquid and its boiling point may 
become so great that local superheating due to imperfect mixing 
will cause decomposition Anilme, glycerine, fatty acids recovered 
from cottonseed foots, and many other materials, illustrate this 
point Advantage is here taken of the fact that m a mixture of 
liquids not mutually soluble the vapor pressures of the com- 
ponents are directly additive Water or steam is introduced into 
the still, and the boiling point of the mixture is thus made lower 
than that of either of the components when alone. Such liquids 
aie then purified by steam distillation,” not only because this 
lowers the temperature at which the liquid distills, but also 
because the injected steam keeps the liquid mass thoroughly 
agitated Thus aniline, for example, boils at 180° C under 
atmospheric pressure. Under a high vacuum it can be boiled at 
100°, but such a vacuum may be hard to maintain. If, however, 
steam be injected into the still at atmospheric pressure, the 
aniline is heated to approximately 98° where the combined 
vapor pressures of aniline and water equal one atmosphere, and 
boiling proceeds, the mixed vapors distilling together It is 
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possible to use any inert gas instead of a condensable vapor for 
the distillation, although in this case the heat must come either 
from the cooling of the hot gas, or from some external source 
Since the gas is saturated with the vapor of the thing distilled 
when it leaves the condenser, it must be recirculated through a 
preheater to avoid this loss of vapor from the system* 

Steam distillation is generally carried out in a cylindrical 
still, sometimes externally heated either by steam jacket or 
direct fire, and with injection of the steam through coils placed 
m the bottom of the still with numerous perforations to secure 
uniform distribution ^ The still must be connected with a con- 
denser for the liquefaction of the mixed vapors, the components 
of which are separated by gravity The use of steam is a matter 
of convenience and cheapness, as other vapors not appreciably 
soluble m the material to be distilled may thus be employed. 

The method for calculating most of the points involved in the 
design of stills and auxiliaries for steam distillation, such, for 
example, as the heat quantities which must be supplied m vapor- 
ization and removed in condensation, the volumes of vapors and 
liquids to be handled, the heating and condensing surfaces 
necessary, etc , are but the application of principles already 
described, and will be referred to later m this chapter under 
Design of Distillation Apparatus. 

The ratio of the substance distilled to the steam coming over 
with it is frequently below that calculated from the saturation 
pressures (see p 559), owing to imperfect contact of the steam 
wnth the substance If the steam comes through m large bubbles 
which rise rapidly and the layer of liquid being distilled is shallow, 
the time of contact in the still may be too small to secure equi- 
librium between the steam and vapor, and it leaves the still car- 
rying less than the maximum amount of vapor. The equation 
on page 559 gives, however, a statement of the theoretically pos- 
sible performance of a still, and thus furnishes an exact measure 
of the efficiency of the operation. 

Steam Distillation in Vacuum , — While most steam distilla- 
tions are earned out at atmospheric pressure and at less than 
100° C., one must occasionally deal with a material of such low 

^ The relation between the number and size of these distributors and the 
pressure drop and rate of flow through them may be determmed by con- 
sidermg the perforations as orifices See page 53 
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volatility that a higher tempcratuie and less than atmospheric 
pressure must be used An important illustration is the purifica- 
tion of oleic and other fatty acids by steam distillation where the 
highest allowable temperature and the lowest obtainable vacuum 
are desirable 

The steam consumption of such a distillation is m any case 
strikingly small, but decreases as the vacuum becomes more 
perfect. Just because liquids of higher volatility, such as aniline, 
can be steam distilled at atmospheric pressure, is no reason why 
they should be so distilled. For the greatest economy m steam 
distillation, the still should be heated from an external source of 
energy to the highest allowable temperature, and should be 
operated under as high a vacuum as the cooling water will permit. 
The only equipment needed m addition to that usually employed 
is a wet air pump for the removal of the condensed liquid and any 
permanent gases originally dissolved, or due to leakage of air. 
As IS obvious from ordinary steam condenser practice m power 
plants, such a pump is cheap both to install and to operate. 

In the separation of glycerine from impurities by steam dis- 
tillation, the volatility of the glycerine is so low that the distilla- 
tion must be carried out at the best attainable vacuum, and at 
a high temperature, approximating 180^ C. At this temperature 
and pressure the solubility of water m glycerine is very small, 
and the vapor pressure of the glycerine is therefore practically 
that of the pure substance However, unless separated by 
fractional condensation, the glycerine and steam condense together 
as a single liquid mixture and must be separated by a subsequent 
distillation. Because of the widely different boiling points, little 
glycerine is then volatilized, and this process is generally called 
evaporation. 

Use of Superheated Steam — If the substance to be distilled 
be maintained at the highest allowable temperature by an external 
source of heat, and at a pressure sufficiently low to prevent the 
formation of a water layer, the steam consumption of the process 
IS greatty decreased. In the equation, 

Wa^ VaMa 

Wb PbMb 


expressing the composition of the vapor, the value of the pressure 
of the substance to be distilled is its partial pressure at the tern- 
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perature in the still The paitial piessnre of the steam is found 
by subtracting from the total pressure m the system that of the 
material being distilled The total pressure is determined by the 
cooling water and condensing apparatus employed. 

In this type of distillation it is especially important to prevent 
any condensation of the mixed vapors arising m the still until 
they have passed the highest point in the goose neck at the top 
of the still, and are on their way down to\vard the condenser 
Lagging the top of the still is msufScient, as this merely i educes 
but does not eliminate the evil. The still should, wherever 
possible, be externally heated up to and above the top A steam 
jacket can be used, but such is expensive to construct, is likely 
to develop leaks, and the realizable temperature is limited by 
the strength of the still Where direct firing is used, it is best 
to allow the flue gases to flow up and over the top of the still 
at such a temperature as to avoid appreciable superheating of 
the vapors and yet to prevent all heat loss from the vapor zone 

One Volatile Component Present in Relatively Small 
Amount, Steam Distillation 

The recovery of benzene and toluene from illuminating gas 
gasoline from natural gas, and processes of this type, ate frequently 
accomplished by dissolving the vapors m a suitable solvent, such 
as a heavy paraffin oil or cresol There is thus produced a 
solution so dilute with respect to the benzene that removal of the 
benzene by simple distillation is impractical on account of the 
high boiling point. The situation is met by distilling the mixture 
with steam at a temperature so low that the volatility of the oil 
IS negligible Condensation of the steam and benzene makes 
possible the separation of the two by gravity 

As the benzene or other vapor is removed from the oil its con- 
centration decreases, and, according to Henry's law, its partial 
pressure decreases proportionately. This means that the neces- 
sary quantity of steam progressively increases during the dis- 
tillation Smce, however, steam saturated with benzene at a 
low concentration of benzene in oil is still capable of picking up 
benzene from a solution of higher benzene content, it is obvious 
that counter-current flow of steam and benzene is demanded 
Such counter-current flow is obtained m rectifying columns of the 
general type described on pages 574 to 577 
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The steam consumed m such a process may be greatly reduced 
by the use of a vacuum, for reasons entirely analogous to those 
already described , and although a vacuum is not usually employed 
m this work its desirability is clear 

A study of the rectifying columns mentioned above shows 
that the pressure on the lower plates is always higher than that 
on the upper ones by an amount corresponding to the head of 
the liquid on the plates This increase of pressure at the bottom 
of such a column interferes with the removal of the volatile 
component by the steam By allowing a free passage for the 
vapors up through the column, at the same time providing for 
effective counterflow of the liquid down through the column, 
this diflficulty is reduced to a minimum For this reason, the 
tower fillings described on page 576 can here be used to 
advantage. 

Volatile Solid Component, Sublimation 

Certain solid substances possess at temperatures below their 
melting points vapor pressures so high that distillation without 
melting is practical This process is called sublimation and is 
used for the separation of solids when only one component is 
volatile Except in the respects noted below it does not differ 
from the distillation of a material containing a single volatile 
liquid 

If the material sublimed contains only a slight amount of non- 
volatile impurities the volatilization can be carried out without 
diAB-Culty m a direct-fired or steam-jacketed still or retort. The 
material is in immediate contact with the hot wall of the retort 
and, as it volatilizes, fresh charge comes into contact with the 
heating surface If, on the other hand, there is a large per- 
centage of infusible, non-volatile impurity in the material, the 
escape of the volatile portion which is m immediate contact with 
the retort wall leaves behind an insulating layer of impurities 
which makes it difficult to heat the whole mass without danger 
of localized overheating. In such a case direct contact of every 
portion of the charge with the retort wall must be effected by 
some sort of agitation 

The most serious problem in sublimation is in the condensation 
of the vapors If a surface condenser be used, the cooling surface 
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IS quickly coated with a layer of the sublimate which insulates 
the vapors from the condensing surface and greatly reduces the 
capacity. In some cases the condenser can be equipped with 
mechanical scrapers, but such an apparatus must generally be 
made of steel or cast iron and there is danger of contamination 
of the product It is usually best to condense the vapors by 
diluting them with large quantities of cold gas, most frequently 
air. Where necessary, inert gases can be used for dilution 

If the vapors be cooled very quickly by admission of gas at 
a temperature far below the sublimation point, the material con- 
denses as an extremely fine powder When it is desired to 
produce large crystals, the temperature and quantity of diluent 
gas must be so controlled that the vapors are not greatly super- 
saturated If these vapors be now passed through a large 
chamber in which strings or other centers for crystallization 
are suspended, the supersaturated vapor wiU condense slowly 
and large crystals will result. 

The disadvantage of condensation by dilution is that the gas 
leaving the condenser chamber is saturated with the vapors of 
the material sublimed While the partial pressure of the material 
at this low temperature may be small, the quantity lost can be 
large since the molecular weight may be high and the gas quan- 
tities very great. These difficulties are met by cooling and 
recirculating the gas If, however, a surface cooler be used it 
wiU choke up with crystals deposited from the saturated gas. 
T his can be overcome by using a spray cooler, and filtering out 
the crystals which separate from the water withdrawn from the 
chamber, or by evaporation if the material be soluble In the 
latter case the spray water may be recirculated through a surface 
cooler. Where the material subhmed is sensitive to water, other 
smtable liquids, such as orgamc solvents can be used for the 
spray cooling, and recirculated through a surface-type water 
cooler. 

In the sublimation of materials sensitive to heat it is some- 
times advisable to admit gas or steam in the retort itself to 
volatilize the material at a temperature below its normal sub- 
limation point, in a way entirely analogous to that used in steam 
distillation. It is obvious, however, that this introduces addi- 
tional difficulties in condensation. 
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Binary Liquid Mixtures, with Components Volatile and 
Miscible in All Proportions 

Simple Distillation. — On page 560 it was stated that a mixture 
of two liquids which are mutually soluble evolves a vapor, the 
composition of which is usually different from that of the liquid 
If such a liquid mixture be volatilized, its composition will 
progressively change, leaving the residual liquid poorer in the 
more volatile component, and the vapor evolved correspondingly 
richer But the vapor will not be free from the less volatile 
component, and the separation will be incomplete Such a 
single vaporization used to partially separate two or more volatile 
liquids will be called simple distillation 

Such distillation processes have heretofore been much used in 
the refining of crude coal tar, petroleum and materials of this 
kind. The stills consist of very large boiler plate cylindrical 
vessels with rounded ends and are direct-fired. In the refining 
of petroleum it is common practice to build these stills m mul- 
tiple, setting each succeeding still somewhat lower so that the 
residuum from still 1 may overflow by gravity to still 2, and 
so on through the series A more intense fire is maintained 
under each succeeding still so that there is a temperature gradient 
from the first to the last, thus producing a series of products 
of progressively increasing boiling point. The condenser is 
generally formed from steel pipes made up with return bends 
into a rectangular coil, which is set in a box holding running 
water. If the material distilled is such that there is danger of 
solids lodging in the condenser tubes, the apparatus shown in 
Fig 136 IS very advantageous. It is made from cast iron or 
autogenously welded steel pipe and fittings, ending in removable 
flanges These flanges should extend beyond the end of the box 
containing the cooling water, and thus insure easy access for 
cleaning When the condensate is insoluble in water and can be 
easily separated from it by stratification, an efficient and econom- 
ical condenser is made by passing the vapor and water counter- 
current over packing material in a small tower. 

The separation of the components in such a still must of 
necessity be incomplete, and the product is re-run to obtain the 
fractions sought. More recently such stills are being equipped 
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with rectifying columns which function as described on page 563, 
and thus a better sepaiation with larger capacity and less expense 
of fuel IS effected 

The transfer of heat is low in such a still, and in the moi e 
modern installations the charge is heated by forcing it at high 
velocity through a bank of tubes set m a direct-fired high tem- 
perature furnace, and discharging the same into a still body 
where distillation takes place 

Vapor Enrichment; RedistiUation— Since the separation of 
two volatile liquids by simple distillation is so incomplete, means 
for its improvement must be developed In the last analysis 
there are but two methods of accomplishing this, one is by con- 



densing the vapor obtained from a simple distillation, and re- 
vaporizmg it, namely, redistillation. The first distillate is 
richer in volatile component than the original liquid. If this 
be condensed and redistilled, the second distillate will be yet 
richer. By repeated redistillation the separation can be carried, 
theoretically at least, to any desired point It is obvious, how- 
ever, that such repeated redistillation involves a large number 
of steps and a large heat consumption. 

Partial Condensation. — The second method for improving the 
separation is to somewhat cool the mixed vapors from a simple 
distillation producing a 'partial condensation of the vapor. The 
liquid condensate formed wiU be in equilibrium with the remain- 
ing vapor from which it separated From the structure of the 
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liquid-vapor equilibrium curves on page 590, it will be seen that 
the condensate will be poorer in volatile component than the 
remaining vapor, and that the vapor has therefore been enriched 
m volatile component. In other words, the partial condensation 
of a vapor has the same soit of effect on its composition as has 
redistillation Thus, simple distillation coupled with properly 
controlled partial condensation is capable of effecting the sepa- 
ration of two volatile liquids as completely (though not as easily 
or efficiently) as can be done by more complicated distillation 
processes 

Partial condensers have been built in many forms, one of the 
older and more simple types consisting of a series of metal bulbs 
immersed in cooling water, from each of which the condensate 
collecting therein may be drawn. An ordinary tubular surface 
condensei may be employed and to insure effective counter- 
current action, it should be long relative to its diameter As 
explained on page 581, when efficient separation in the condenser 
itself is desired, it is best not to use it as a preheater, as is often 
done Condensei s of this type have been built as a com- 
bination of plate tower and feed-liquor preheater, but the best 
lesults are lealized by building tower and condenser sepaiately, 
each designed to perform its own function The cooling medium 
must be under accurate control with a very low temperature 
difference between it and the condensed vapor, and so far 
as possible, localized total condensation avoided For effective 
partial condensation a large area of condensing surface is required 

Rectification. — A study of the liquid-vapor equilibrium curves 
shows that the condensate formed upon partial condensation of 
a vapor is necessarily richer m volatile component than the 
liquid from which the vapor was originally evolved. Theiefore, 
this condensate cannot be in eqmhbrium with the vapor rising 
from the still, and if brought in contact with it some sort of 
intei action must take place. From the liquid-vapor diagram it 
IS seen that this interaction must involve the condensation from 
the vapor rising from the still of part of the less volatile com- 
ponent with evolution of a new vapor richer in the more volatile 
component. The heat of condensation thus set free tends to 
raise the temperature of the liquid, but since it is already at its 
boiling point there results a new vapor in equilibrium with the 
liquid from which it rises. This interaction of a vapor rising 
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from the still with the condensate from a part of the vapor 
previously evolved, is called rectification. The combination of 
partial condensation and rectification with simple distillation 
affords an efficient means for separating volatile liquids 

Since rectification in its result is equivalent to a series of 
redistillations without the consumption of additional heat, it is 
analogous in this respect to multiple effect evaporation, how- 
ever, it is only the result that is similar and not the mechanism 
of attaining it. 

Definition of Terms — In the literature of distillation the three 
terms dephlegmation, fractionation and rectification are loosely used 
to describe the different processes or combinations of processes 
Usually dephlegmation covers what is above called partial con- 
densation, i.e , the cooling of a mixed vapor to a definite tem- 
perature with the resulting condensation of a fraction which 
contains mainly the high boiling components or phlegm. The 
same term is sometimes applied to what has just been defined as 
lectification, le, to the partial removal of the less volatile 
component from the vapor by allowing that vapor to interact 
with the partial condensate from a previous fraction of vapor 
from the same still Sometimes dephlegmation refers to the 
combination of the two processes. Fractionation is generally 
applied to the combination of these processes and is occasionally 
used interchangeably with dephlegmation. The term rectification 
was formerly restricted to the enrichment of the vapors of alcohol- 
water mixtures to form a strong alcoholic distillate with the 
concurrent removal of the fusel oil. 

As already indicated, the enrichment of a vapor m the more 
volatile constituent by cooling it sufficiently to separate out as 
liquid a part of the less volatile component will be here designated 
partial condensation; the interaction of such a partial condensate 
with the vapor rising through a column from the still, resulting 
in further enrichment of the vapor in low boiling constituent, 
will be called rectification. 

Plate Columns. — In order to be efficient the contact between 
the vapor rising from the still and the liquid reflux resulting 
from a previous partial condensation must be counter-current and 
as intimate as possible Experience has developed the bubbling 
plate column as one of the best methods for securing this result. 
This rectifying column, as it is called, consists of a series of plates 
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ovei which flows the liquid leflux and through which the rising 
vapors are made to bubble The reflux flows from plate to 
plate through suitable oveiflow pipes and the vapor rises through 
each of the plates in series counter- 
current to the flow of the liquid. 

Such a column is shown m Fig. 

137, one plate being shown without 
the bubbler caps which deflect the 
vapor underneath the liquid, another 
plate showing the bubbler caps in 
section, and a third plate in which 
may be seen the small openings 
through which the vapor escapes 
into the liquid. The height of the 
overflow pipes regulates the depth 
of the liquid remaining on each 
plate, while the lower end is sealed 
m liquid, thus preventing the vapors 
from short-circuiting through them 

The bubbler caps are of various 
design, one common type being 

shown m Fig. 138. This single large cap upon each plate is 
from some points of view undesirable inasmuch as the vapor 

escapes only at the periphery 


of the cap, the entire center 
being inoperative Further- 
more with such a single bell 
there is a tendency for the 
vapor to come out one side 
and the liquid to flow around 
the other. A large number 
of small, circular caps, or better 
still, long rectangular ones are 
more eflScient The edges of 
the cap are often serrated 
or notched to give smaller 
bubbles and therefore better 
contact at low vapor velocity and yet provide a very 
large cross-section for the escape of the vapor when the 
column is forced. Obviously the liquid should flow across the 


Fig 137 — Plate Column with 
Multiple Slotted Caps 



Fig 138- 


“Plate Column with Single 
Caps 
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entire diameter of the plate m order to expose it evenly to the 
rising vapor 

A simple type of plate sometimes employed consists of pei- 
forated sheet metal or even of a wire screen, Fig 135, p 563 
This type has the disadvantage that when the vapor velocity is 
low the liquid surges through the vapor holes from the plates into 
the still Consequently, such a column cannot be operated at 
low capacity. With a high vapor velocity the friction through 
the holes is very large and if such a plate be not absolutely level, 
all the liquid will run through the low side and the vapor pass 
up the high side However, these plates when properly placed 
give a high plate efficiency because of the exceptionally small 
bubbles produced and their excellent distribution 

The column may be constructed of a single cylindrical shell 
into which the plates are inserted, or of a series of short flanged 
sections, each containing one or more plates, bolted together 
with gaskets The first type is more difficult to build, and 
more likely to develop leaks aiound the plates within the column, 
the second type is liable to leak through the gaskets between the 
sections, but possesses the advantage of flexibility in that the 
height of the column can be varied by the removal or addition of 
sections A relatively large pressuie is required to force the 
vapor through the column against the resistance of the orifices 
and the hquid head, which is a disadvantage in many gas washing 
operations, but this disadvantage disappears in distillation 
because the necessary pressure can be easily developed within 
the still by merely allowing the temperature of the boiling liquid 
to rise. (But see p 578 ) 

Tower Fillings — The interaction between vapor and refluxing 
condensate can be efficiently seemed by the use of a plain tower 
filled with suitable packing material over the surface of which 
the reflux flows to the still and through the voids of which the 
vapor rises When dealing with excessively corrosive liquids, as 
for example in the separation of nitric and sulphuric acids, ^ such 

^ Nitric acid may bs efficiently concentrated by mixing it with strong 
sulphuric acid, and allowing this mixture to flow down a filled tower against 
an ascendmg current of steam The heat of condensation of the steam com- 
bmed with the heat of dilution of the sulphuric acid distills the nitric acid 
The fractionatmg effect of the tower enables the operator to withdraw con- 
centrated acid from the top of the tower and completely denitrated sulphuric 
acid from the bottom 
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a tower can be built of resistant material and filled with broken 
quartz A number of tower fillings made from refractory earthen- 
ware have been developed, all designed to present a large surface 
of contact between vapor and liquid to avoid the formation of 
channels through which the liquor may pass undisturbed by the 
vapor, and to develop as little back pressure as possible Of 
these it seems probable that the best are short hollow cylinders 
of a length equal to diameter Peters ^ has shown that if these 
cylinders are made quite small (even as small as one inch) their 
efficiency increases so rapidly with decrease m size that the col- 
umn may be made shorter and thus compensate for the increased 
resistance to the vapor per unit length. One must heie strike a 
balance between the large area exposed by small units and the 
high resistance to the moving vapor occasioned by them The 
greater velocity of the moving vapor favors complete inter- 
action between vapor and liquid because of the constant destruc- 
tion of the stationary film which tends to form (See Fluid 
Films, p 36 ) 

A very popular device of this type is a cylinder of earthenware 
having a diameter equal to its height and containing a short 
helical core These rings are thrown into the tower at random, 
their uniform size and dimensions insuring an even, homogeneous 
packing The area presented for reaction is large, while the 
frictional resistance to the moving vapor is small. 

Distribution of Reflux . — An even and uniform distribution of 
the partial condensate over the top of the tower filling is con- 
trolling in the efficient operation of such a tower, especially if it 
be relatively short There exists a strong tendency for the 
ascending vapor to seek out channels of least resistance, and these 
“ chimneys once formed seem to perpetuate themselves, allow- 
ing the liquid to fiow down undisturbed. Davis ^ illustrates a 
distributor which for some purposes possesses great merit, m 
that, by means of a siphon, a “ slug of liquid is delivered at 
stated short intervals The liquid at first entirely floods the 
filling but IS immediately broken up by the vapor and descends 
uniformly distributed over the entire cross-section. 

Rectification under Vacuum . — If the operating temperature 
m a rectifying tower must not exceed a low maximum, as in the 

^ W A Petees, Je , J Ind Eng Chem , 14, 6, 476 (June, 1922) 

2 “Handbook of Chemical Engmeermg,” vol 2, 220 (1904) 
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dealcoholizmg of beer, a vacuum must be maintained in the 
system Under this condition a tower or column with an open 
filling to give the least frictional resistance to the flow of vapor is 
better than a column equipped with plates. (See p 569 ) 

Condensers — A rectifying column can be operated only in 
connection with the still below and a condenser above it, and the 
behavior of each of these influences its own performance It has 
already been pointed out that with a partial condenser, properly 
designed and operated, a column though desirable, is unnecessary. 
In general, the better the partial condenser the less work there is 
for the column to do, and the work of separation can within 
certain limits be divided between the two units at will If a 
rectifying column be found inadequate for the task m hand, 
separation may be made more complete by increasing the amount 
of reflux from the partial condenser This may be effected by 
either increasing the volume of cooling water or dropping its 
temperature. However, as previously stated, this increases the 
heat consumption of the still 

This interchangeability of function of the partial condenser 
and the rectifying column makes it possible to compensate for 
an inefficient partial condenser by using a somewhat taller 
column Furthermore, since a highly efficient type of partial 
condenser is expensive to construct, sensitive to fluctuating con- 
ditions, and diflScult to operate, it is in many cases advisable to 
make no attempt to effect separation in the partial condenser 
itself, but to use it simply to produce the proper reflux for the 
column and to compensate for this inefficiency by the use of a 
few more plates (See Fig 160, p 621 ) This makes it possible 
to use the partial condenser as a heat exchanger for preheating 
the liquid feed 

To attain simplicity m operation it is possible to omit the 
partial condenser altogether and employ a final condenser which 
completely liquefies all vapor leaving the column, a part of this 
condensate being deflected as reflux to the column and the rest 
taken off as product. It is, however, difficult to construct and 
operate a single condenser of this type which will both cool the 
product and at the same time preheat the feed. It is usually 
better practice to employ a single condenser for the production 
of reflux and product, cooling the latter in a liquor cooler. 

Where the vapor is insoluble in water the final condenser 
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may be of the jet condenser type If the heat to be absorbed is 
large and the condensate sepaiates readily from water, as in the 
refining of heavy petroleum oil, a small tower packed with Raschig 
or similar earthenware rings, over which cooling water flows, is 
both inexpensive and efficient in its condensing action 



Intermittent Operation of Distillation Apparatus, — A rectifying 
apparatus can be operated in two fundamentally different ways. 
In intermittent operation the still below the column is filled with a 
charge of the liquids to be separated {e g , benzene and toluene), 
and distillation begun In Fig 139, S is the still, D the rectifying 
column, F the partial condenser, C the final condenser, and W 
an auxiliary cooler for the product G is a glass dome covering 
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the overflow chamber Aj where the rate of distillation can be 
observed, and where a hydrometer may float, indicating at all 
times the gravity of the liquid product As a volatile constituent 
(benzene) is removed, the residuum m the still becomes progress- 
ively richer in the less volatile substance (toluene) This means 
that the vapor rising from the still grows continually poorer in 
benzene, and hence to free it from toluene, since the rectifying 
column is of a fixed length, the ratio of condensate refluxed at 
the top of the column to the distillate must be progressively 
increased This is accomplished by controlling the temperature 
and amount of cooling water in the partial condenser This 
necessity for continually modifying the operating conditions in 
an intermittent distillation is a serious disadvantage, but satis- 
factory separation of the constituents can be realized, except at 
the very end of the operation, when the distillate always contains 
some of the higher boiling constituent, and must be collected 
separately for admixture with the next charge This inability to 
effect complete separation at the end of the operation is occasioned 
by the fact that there is insufficient low boiling component in 
the system to maintain the necessary concentration gradient 
through the column, te, there remains only the high boiling 
component on the bottom plates The effective length of the 
column IS thus reduced below that essential for complete separa- 
tion. (See p 600 ) 

Continuous Operation of Distillation Apparatus, — Just before 
the end of the operation m an intermittent unit as above con- 
sidered, toluene exists in the still free from benzene, while there 
IS being discharged from the condenser practically pure benzene. 
The percentage of benzene in the vapor and liquid in the column 
increases progressively from the bottom to the top plate Assume 
that the original feed to be separated contains 80 per cent of 
benzene. On some plate near the middle of the column a liquid 
of practically this composition will be found If now the feed 
containing 80 per cent of benzene be introduced continuously 
onto this plate, the conditions in the system will tend to per- 
petuate themselves, i e , concentrations at all points will remain 
unchanged, benzene will be discharged from the final condenser 
while toluene will work its way down into the still from which 
it may be continuously withdrawn. This method of distillation 
is called continuous rectification It may be shown mathe- 
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matically that the heat efficiency of a continuous operation is 
gi eater than that of an intermittent operation, while as above 
noted, the operating conditions are less complicated Intermittent 
lectification is justified only when working on such a small scale, 
or under such other conditions as to make continuity of opera- 
tion impossible 

Heat Recovery — Rectification, especially if continuous, offers 
vaiious oppoitumties for the economy of heat through the use 
of heat economizers or exchangers The best routing ’’ of 
the feed through the heat- 
recovery system varies with 
conditions, but where a short 
column in conjunction with 
an efficient partial condenser 
is employed, the arrangement 
shown in Fig 140 is useful. 

In this arrangement the 
cold feed liquor enters the 
system through the coil G at 
//, where it is warmed by the 
somewhat cooled discharge 
fiom the still A as it flows 
from the heat exchanger F, 

The feed then acts as the 
cooling medium for the pre- 
liminary condenser D, leaving 
at L and entering the final 
preheater or heat exchanger F, Contumous Distillation 

through which flows the less 

volatile constituent of the charge at its boiling temperature as 
it leaves the still When the difference m the volatilities of the 
components of the charge is large, it sometimes happens that 
the feed leaves the heat exchanger F at iV actually superheated. 
This necessitates a throttle valve Z located just before the feed 
enters the column at P. The volatile component is completely 
condensed in E fed with cold water at T. The use of feed in the 
partial condenser C is generally inadvisable, because the unavoid- 
able variation in its amount and temperature render impossible 
that delicacy in control of the amount and temperature of the 
cooling medium so essential in efficient partial condensation. 
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In such a case, it is better to recirculate at a high velocity the 
cooling water ^ in the partial condenser by means of the pump 
X, controlling the temperature by admitting cold water through 
the valve F, allowing a corresponding amount of hot water to 
waste at F. This requires a large condensing surface but may 
be justified by the increased efficiency of the entire apparatus 

'-^ DESIGN OF DISTILLATION APPARATUS 

The quantitative relationships of the vapor pressures of liquid 
mixtures are extremely complex except under conditions of 
constant temperature, and unfortunately these conditions are not 
those met in practice Furthermore, wide deviations from the 
mathematical expressions of these relationships are very common, 
requiring, m most cases, a solution based upon empirical laboratory 
data (See p 591 ) 

On the other hand, certain quantitative relationships may be 
established which are valid in some important cases, and which 
apply within narrow limits to a great many cases And, possibly 
more important, the laws which may thus be laid down serve as 
valuable criteria for estimating the normal behavior of a dis- 
tillation process, and help to clarify and explain the divergencies 
which are frequently noted. Therefore in the following dis- 
cussion isothermal conditions are considered first, after which is 
given an analysis of constant pressure operations of a character 
sufficiently general to serve as the basis of the solution of most 
industrial problems in distillation. 

Vapor Pressures of Completely Miscible Binary Liquid 
Mixtures at Constant Temperature 

Raoult’s Law. — When one liquid is dissolved in another, the 
partial pressuie of each is decreased Assume two liquids, the 
molecules of which are the same size, which mix without the 
complicating effects of molecular association, chemical combina- 
tion and the like In an equimolecular mixture of two such liquids, 
each unit of surface area of the liquid mixture will have in its face 

^ Where the partial condenser must be operated at a high temperature, 
kerosene or other high boiling liquid may be used instead of water 



DISTILLATION 


583 


half as many molecules of each component as exist m the liquid 
surface of that component in the pure state tlence, the escaping 
tendency or vapor pressure of each component m the mixture 
will be half that of the same component m the pure state 
Similarly, m a mixture containing 25 mol-percent of the first 
component and 75 mol-percent of the second, the first will exert 
a partial pressure 25 per cent of that of this component in the 
pure state Therefore, m more general terms for any such 
mixture, the partial pressure of any component will equal the 
vapor pressure of that component m the pure state times its 
mol-fraction m the liquid mixture. This generalization is known 



Fig 141 — ^Raoult’s Law 

as RaouWs lav). It is expressed in the relationship, p = Px, where 
p IS the partial pressure of the component A in the solution, 
X IS its mol-fraction in the solution, and P is the vapor pressure 
of the component A in its pure state. If P' be the vapor pressure 
of pure B, and p' that in the mixture, p' = P'(l — x). This rela- 
tionship is shown graphically in Fig. 141, where the abscissas are 
the mol-percent or mol-fraction of the two components, A and P, 
in the liquid portion The ordinates are pressures, C being the 
vapor pressure of pure A, and D that of pure B The lines AD 
and BC represent the partial pressures of the components over 
any mixture, while the line CD is a total pressure of the mixture. 

Deviations from Raoult's Law. — In view of the above assump- 
tions as to equal molecular size, absence of association, etc., it is 
not surprising to find Raoult's law honored more m the breach 
than m the observance None the less some organic liquids, such 
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as benzene- toluene, deviate from it but little. The deviations 
of mixtures of hydrocarbons of the same series can usually 
be neglected for a great deal of engineering work, and even for 
mixtures of a number of series this is often true. For mixtures 
of aromatic and aliphatic compounds, however, the deviations 
are often large, though never of the order of magnitude of such 
mixtures as hydrochloric acid and water, and the like. Organic 
stereoisomers obey it quantitatively as would be expected from 
the considerations upon which it is based However, the great 
majority of other liquids when plotted as shown in Fig 141 devi- 
ate largely from the lines BC and AD except when very near to 
the points C and D,ie , the deviation for any component is slight 
(except where dissociation is involved) if that component be 
present in very large amount. This is ordinarily expressed by 
saying that m dilute solutions Raoult^s law applies to the 
solvent. Since the deviation from Raoult^s law may be either 
positive or negative, great or small, where results are presented 
graphically this generalization serves as a convenient standard 
of comparison. 

Henry’s Law. — A modification of Raoult’s law applies to the 
vapor pressure of the solute m dilute solutions, just as Raoult’s 
law applies to that of the solvent Henry’s 
law states that the partial pressuie of the 
solute IS proportional to its concentration 
in the solution In analogy with Raoult’s 
law it may be expressed by the equation, 
p^kx, where p is a partial pressure of the 
solute, X IS its mol-fraction, and k is an 
experimentally determined constant Com- 
parison with Raoult’s law (p = Px) shows 
that they differ only m the constant which 
determines the slope of the line This constant is P in the one 
case, while it must be experimentally determined in the other. 
A typical vapor pressure curve for one component of a liquid 
nuxture is shown m Fig 142, where AD is the range over which 
Henry’s law applies, while Raoult’s law holds over the section 
ECy where C is the vapor pressure of pure R. 



Volatility. — The term ‘Volatility” is loosely used in the literature, gener- 
ally as equivalent to vapor pressure when applied to a pure substance, as 
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applied to mixtiiies its significance is vciy indefinite Because of the coii- 
\enience of the teiin the volatility of any substance in a homogeneous liquid 
will be defined as its paitial pressure in the vapor in equilibrium with that 
liquid, divided by its mol-fi action in the liquid If the substance be in the 
puie state its mol-ti action is unity and its volatility is identical with its 
vapor pressuie If the substance exists in a liquid mixture which follows 
Itaoult’s law its volatility as thus defined is still obviously equal to its vapor 
pi essuie m the puie state, ^ e , its volatility is normal If the paitial pressure 
of the substance be lower than that corresponding to Baoult's law, 
as for example, that of hydiochloric acid m dilute aqueous solutions, the 
volatility accoidmg to this definition is less than that of the pure substance, 
i e , IS abnormally low Similaily, if the paitial pressure be greater than that 
indicated by liaoult’s law, e q , that of aniline dissolved in water, the vola- 
tility IS abnoimally high The volatility of a substance in mixtures is theie- 
foie not necessaiily constant even at constant temperature but depends on 
the chaiacter and amount of the components 

Relative volatility is the volatility of one component divided by that of 
another Since the volatility of the fiist component of a mixture, ri, is its 
partial pressure, pi, divided by its mol-fraction, x, and that of the second, 
i the volatility ot the first relative to the second is vi/v^ — 

Pi — Since the relative amount m the vapor of the components 

of any mixture (expressed in mols) is y/{l—y)==Vi/Vi) 



In any constant boiling homogeneous liquid mixture the composition of 
the liquid is identical with that of the vapor in equilibiium with it, t e , 
a; = ?y, hence the lelative volatilities aie identical 

Volatility, like vapor pi essuie, mci eases rapidly with rise m temperature 
The ratio of the piessuies of pure substances does not change rapidly with 
change in temperature and the same is true of relative volatilities, but, 
wheieas vapor pressures always mcrease with temperature, relative volatility 
may, m a given case, either rise or fall, depending on the nature of the com- 
ponents Relative volatility is the most important factor m determining 
ease of separation of components by distillation 

Duhem-Margules Equation. — general isothermal relationship based 
upon the second law of thermodynamics and upon the gas laws, and hence 
approximately applicable to all mixtures, is the Duhem-Margules equation, 

dlnpi/dlnpi^ — (1— r)/x 

It can be used as a check upon the accuracy of empirical determmations of 
vapor compositions, but is otherwise of little practical help Assume a 
solution wheie Raoult’s law applies to the solvent Differentiating the 
equation of Raoult's law, p 2 = F 2 (l— a;), and substituting in the Duhem- 
Margules equation, one obtains upon integration pi — kx In other words, 
if one component of a mixtuic obeys Raoul t’s law over a definite range, 
within that range the other component must follow Henry's law 

1 G N Lewis, J Am Chem Soc , 28, 569 (1906) 
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Partly Miscible Liquids at Constant Temperature 

In those ranges of concentration within which incompletely 
miscible liquids are soluble in each othei, they fall under the 
preceding classification As soon as the limits of solubility are 
exceeded, the two liquids exist as separate layers or phases side by 
side, each being a saturated solution of the other in itself The 
vapor pressure of each phase is exerted independently of the 
presence of the other, and since the two phases are in equilibrium, 
the partial pressure of either component in one phase must equal 
that of the same component in the other These facts are repre- 
sented graphically in Fig 143. The limit of solubility of 5 m A 



Fig 143 — Diagram for Partly Miscible Liquids at Constant Temperature 

corresponds to the point L, while the solubility of A and B is 
given by the point M, Between L and M the components exist 
as two layers of liquids The vapor pressure curve of A starting 
from C may be assumed to follow Raoult's law (the full 
line) down to the saturation point E, provided the solubility be 
small. From here to (?, te y throughout the range m which the 
two liquids are present as separate phases, and where the com- 
positions of these liquid phases are therefore constant, the partial 
pressure remains constant, and is represented by the horizontal 
straight line, EG^ from G to B the relationship may be assumed 
linear (Henry’s law) Analogous relationships exist for com- 
ponent B 

The two points of importance regardiAg this diagram are, 
first, constancy of the partial pressures so long as two liquid 
phases are present, and second, the character and extent of the 
deviation of Henry’s law from Raoult’s jaw m the solutions. 
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The diagram shows that the vapor piessuie of A when dissolved 
in B is abnormally high, is much greater than is called for 
by Raoult's law, the line G'B Immiscibility of two liquids 
implies that the molecules of one find it difficult to force their 
way into the other Thus it lequires a relatively high pi assure 
of A to force a relatively small amount of it into B This is 
equivalent to saying that when A is dissolved m R, the volatility 
of A IS abnormally high The diagram shows further that the 
less the mutual solubility, the more abnormal is the vapor 
piessme, and hence the greatei the volatility of the dissolved 
component. The practical results of these lelationships are 
shown in the following examples 

Despite the fact that aniline boils 80° C higher than water, 
the volatility of aniline in an aqueous solution is gieatei than 
that of water, i e , the vapor given off by such a solution is iicher 
m aniline than the solution itself If, theiefoie, one distills an 
amhne-water solution in a column still, the water is discharged 
fiom the bottom substantially fiee of aniline which is found m 
the distillate. The vapor from the top of the column is con- 
densed and allowed to run into a separator from which the 
aniline layei (saturated with water) is withdrawn as pioduct 
while the watei layer (saturated with aniline) returns to the 
column as reflux 

Another important application is found m the dehydration of 
organic solvents. Thus while water boils 20° C higher than 
benzene, benzene saturated with water can be successfully 
dehydrated by the distillation of less than 5 per cent of the 
mixture, as the volatility of the water m the solution is abnor- 
mally high. 

Assume a binary mixture in winch one component when present m small 
amount exerts an abnormally high pressure pi>Fix Since the value 
of Pi when x equals unity must be Pi, the curve becomes abnormally flat, 
and dpi'^Pidx Combined with the Duhem-Margules equation (p 579) 
these inequalities give —dp^/piKdt/iX-'x) In words this means that the 
fractional lowering of the pressure of the second component must within 
these limits of concentration be less than that corresponding to Raoult’s 
law, and from this it follows that the curve for the second component must 
be in general shape the reverse of that for the first component 

If m such a mixture the first component when present m small amount 
exert a very high partial pressure, conditions may exist m which through 
certain ranges of dilute solutions its pressure may exceed its pressure in 
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more concentrated ones If complete miscibility be assumed, there must 
result a partial pressure curve such as AKEFLD of Fig 144 From the 
Duhem-Margules equation, it appeals that if dpi = 0, then dp^ = 0 Hence the 
second component must be represented by such a curve as BNHGMC If, 
however, there be produced such solutions as are represented by E and F, 
smce a component will always pass from a pomt of high to a point of low 
partial pressure, the first component will spontaneously distill out of E into 
F, and the second component will distill m the opposite direction This 
action would concentrate E back to K and F to L In other words, the 
system will spontaneously separate mto two layers having the composition 
represented by K and L The quantity dpi/dx cannot become less than 
zero without separation of the components, further, when the volatilities 
of the components are greater than corresponds to Raoult’s law, a tendency 
to separate is indicated This tendency changes with the temperature, and 
a mixture of liquids miscible at one temperature may separate at another 



Fig 144 

Complete immiscibility is the precedmg case m which the mutual solu- 
bilities are negligibly small and the points L and M coincide with the pomts 
D and C The Imes EG and HF would then correspond to the pressures of 
the pure components A and B It is perhaps true that absolute immis- 
cibility never occurs 

If the component present m small amount has an abnormally low partial 
pressure, pi<Pix, a concentration must be reached at and beyond which 
dpi '^Pidx Combmmg this expression with the Duhem-Margules equation, 
—dp 2 /p%>dx/{l—x)j which states that the fractional increase m p 2 must 
within this range be abnormally high Since analogous reasoning applies to 
the second component it follows that this situation can exist only when p^ is 
abnormally low In other words, in the range m question, if the pressure 
of one component is very low, that of the other tends to be low and conse- 
quently also that of the mixture, there is then a tendency to form a mixture 
with maximum boiling point 




DISTILLATION 


589 


Binary Liquid IMixtures at Constant Pressure 

Boiling Point— Composition Curves. — It follows from the pre- 
ceding discussion that, if isotheimal conditions are to be pre- 
seived, aibitiaiily predeteimined pressure differences must De 
maintained This is so impracticable that distillations are 
nevei earned out at constant temperature, but lather at con- 
stant piessure, and variable temperature The vapor pressure 
and boiling point which coiiespond to any definite liquid mixtuie 
aie usually plotted as described on p. 561, the abscissas being 
liquid compositions, and the oidmates boiling points. The 
abscissas aie fiequently made mol-percent, undoubtedly through 
analogy with the Raoult^s law diagiam, but this complication, 
which at constant temperatuie justifies itself by developing 
ceitain simple lelationships, lacks this advantage m the constant 
piessme plot In these boiling-point composition curves, there- 
fore, the abscissas have been plotted as weight per cent 

Liquid-Vapor-Composition Curves. — For the solution of piob- 
lems at constant pressuie, the diagram just considered, though 
frequently used, is inconvenient because it is indirect, and 
because a change m piessure makes a relatively large error on 
the vcitical tempciature scale. The value of greatest interest 
IS the relation between liquid composition and vapor composition^ 
plotted as shown on curve A on the alcohol-water diagram, 
Fig 145 This method is advantageous first, because the data 
aie actually obtained in this foim as the result of experimentation, 
and second, because the values thus expressed change but slightly 
with vail at ion in pressure or temperatuie A single cuive 
obtained at an average pressure can generally be used over a 
piessuie lange of 20 or 30 pei cent with an error of not more 
than 2 per cent. 

Again, assume a mixture of two liquids A and B, which 
follow Raoult's law, and in which pi is the partial pressure of 
A m a mixture m which the mol-fraction of A is x, and p 2 that 
of B The vapor pressures of pure A and B are Pi and P 2 
respectively, from which it follows that pi equals Pix and p 2 
equals P 2 (l — a;) The mol-fraction of component A in the 
vapor evolved fiom this mixture is y. Hence 

y pi Pix 
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This states that the mol-ratio in the vapoi is P1/P2 times that 
in the liquid The ratio P1/P2 changes but very little with the 
temperature, from which it follows that changes m temperature 



Fig 145 — Characteristics of Alcohol-water Mixtures The ratio curve 
applies to mixtures when at 79 3° C For any othei boilmg tempera- 
ture, t degrees Centigrade, there must be added to the values shown the 
correction term, 0 000034 times the weight per cem of alcohol in the 
liquid times (79 3—0 


have little effect upon vapor composition Calling the relative 
volatility P1/P2 = a, the amount of low-boilmg constituent is 
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y ^ ax aX 

It can be shown algebraically that the equation is identical in form, 
when X represents fraction by weight in the liquid, and y in the 
vapor, the numerical value of alpha remaining unchanged 

From p 586 it is seen that the vapor composition for partially 
m.scible liquids, the limits of miscibility of which are known, 
can be calculated by assuming RaoulFs law for the component 
present m large amount and Henryks law to hold for the other 
component 

The great majority of mixtures of liquids miscible in all pro- 
portions do not follow Raoult's law even approximately, and 
hence the vapor compositions must be determined experimentally ^ 
This may be conveniently done by boiling the liquid mixture and 
analyzing the vapors given off from it. Experimental results 
show that the vapor evolved fiom such a boiling liquid is in 
equilibrium with it as it escapes from the surface, due doubtless 
to perfect agitation incident to boiling In this distillation, 
entrainment must be rigorously avoided on the one hand, and 
partial condensation at the top of the flask on the other It is 
well to jacket the portion of the flask above the liquor line with 
hot gas, inasmuch as superheating does not change the com- 
position of a vapor while partial condensation does 

With these precautions the experimental determination of 
vapor composition is relatively easy. Certain difficulties in 
computation are introduced by the fact that the composition of 
the liquid is changing progressively throughout the distillation. 
These difficulties may be met by taking at any one time an 
amount of distillate so small that the change m liquid com- 
position IS essentially negligible. It is, however, safer to allow 
for the changes actually taking place by computing the results 
of the experiment according to methods developed on p 598 
In this discussion the composition of both liquid and vapor 
will be expressed as either the weight per cent or the mol-fraction 
of the lower boiling constituent (See page 599 ) The percentage 
of this component in the liquid is called a:, while the percentage 
of this same component in the vapor is called y When m 
equilibrium, ?/ is a definite function of x and can best be expressed 
graphically by what will be termed the x vs. y curve. For most 
liquid mixtures this x vs. y curve has been determined at atmos- 
^ However, sec p 584 
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pheric pressure only; but fortunately the shape of this curve 
changes but little with either tenaperature or pressure 

The change of vapor composition with the change of boiling- 
point, together with other important characteristics of mixtures 
of ethyl alcohol and water are available and are shown in Fig 145, 
where the abscissas are weight per cent of alcohol in the liquid 
mixture, and the ordinates corresponding with the individual 
curves and are placed directly on them. 

Consider, for example, an aqueous solution contammg 20 per cent of alco- 
hol, which when heated at atmospheric pressure boils at 87° C and evolves a 
vapor containing 67 6 per cent alcohol If this liquid be heated under a 
vacuum such that it boils at 67° C , t e 20° lower, the composition of the 
vapor evolved will be higher, as shown by the vapor composition correction 
curve A liquid of this composition evolves a vapor 0 0436 per cent higher 
in alcohol for each degree under its boilmg point at 760 mm Therefore, at 
67° C the vapor composition will be 67 6-f 0 87 or 68 5 per cent alcohol 

The pressure under which a definite mixture will boil at any fixed tempera- 
ture, may be calculated from the temperature of boiling under a pressure of 
760 mm , by means of the ratio curve Thus the 20 per cent alcohol mixture 
here considered is seen to exert a vapor pressure at its boiling point, 1 62 times 
that exerted by pure water at this temperature Since the vapor pressure of 
water as read from the steam tables at 67° is 205 mm , the pressure under 
which this 20 per cent alcohol solution will boil at 67° is 1 62 tunes this value, 
or 332 mm Smce, however, this ratio curve changes somewhat with the 
temperature as shown by the correction formula on page 590, the absolute 
pressure here under consideration is found to be 333 mm 

The X vs, y curve of any known binary liquid mixture of com- 
ponents miscible m all proportions has a shape similar to one 
of the four types shown m Fig. 146 In this figure the vertical 
line at the left, corresponds to the pure, high boiling component 
Aj while that at the right represents the low boiling substance J5, 
numerical values referring in all cases to the weight per cent of 
B in the mixture. The vapor-composition curves of the first 
mixtures is the straight 45® line, curve 1, indicating that the 
vapor evolved from all possible mixtures has the same com- 
position as the liquid from which it came. In this case no 
separation whatever by distillation is possible Illustrations of 
this type are found m mixtures of stereoisomers. The second 
type, which may be described as the normal one, is represented 
by curve 2. In this case the vapor evolved from the liquid 
contains more of the low-boiling component than the liquid from 
which it came. An illustration is ammonia-water. In curve 3 
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are represented liquids which, when they contain small amounts of 
B, evolve a vapor iichcr in B than themselves, but when the 
amount of B in the liquid reaches a certain value the composi- 
tion of the vapor becomes identical with that of the liquid, 
while beyond this point the liquid evolved vapor richer in the 
high boiling component A than themselves, that is, the vola- 
tility of the components is reversed A familiar example is a 
mixture of ethyl alcohol and water, although curve 3 represents 
a mixture of alcohol and toluene Curve 4 represents a mixture 



m which a dilute solution of the low-boilmg substance B evolves 
a laigei percentage of A than it contains. In all solutions coming 
under this type a concentration of B is finally reached at which 
liquid and vapor compositions are equal, and beyond which the 
behavior of the mixtuies is normal Thus solutions of hydro- 
chloric acid m water containing less than 20 per cent HCl, 
despite the fact that HCl boils 180° lower than warer, evolve a 
vapor containing more water than themselves, although above 
this concentration the HCl behaves as the more volatile com- 
ponent. Those liquids having curves of type 3 possess minimum 
boiling points where the curves intersect the diagonal, while the 
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intersection of cuives of type 4 with the diagonal repicsents 
liquids which possess maximum boiling points. 

Complex Mixtures 

In the case of more complex mixtures these relationships are 
extremely involved Mixtures of hydrocarbons, the types and 
boiling points of which do not differ widely, usually follow 
Raoult's law within the experimental error. For other mix- 
tures the vapor compositions must be determined experimen- 
tally (See p 591.) 

Miscibility Complete, Volatility Normal. — In the distillation 
of completely miscible liquids of normal volatility m the mix- 
ture, the most volatile component tends to come over first 

With a rectifying column it is possible to take off the most 
volatile substance as distillate and to refiux all the other com- 
ponents down the column But it is impossible to withdraw any 
other practically pure component from any particular point in 
the column, because on every plate m the column such a com- 
ponent will be contaminated with either the volatile distillate or 
the less volatile components of the residue, or both. All of the 
high-boilmg components are therefoie concentrated as a mixture 
in the still if operation is discontinuous or withdrawn from the 
bottom if continuous, i,e , it is impossible to take more than one 
practically pure cut from a column still at one time. With con- 
tinuous operation a second still and column can be employed to 
recover the product of next highest volatility, or with batch oper- 
ation it can be distilled over after the most volatile component is 
out of the way Thus in the distillation of light oil, benzene comes 
over first while toluene and xylene remain m the still, next the 
toluene is brought over, leaving the xylene and any higher-boilmg 
components behind, and so on. 

Petroleum — In the distillation of petroleum the number of 
components in the mixture is very great and it is not usually 
desired to separate out the individual substances but lather 
mixtures of these within certain limits. From the preceding 
paragraph it is obvious that by proper rectification one may 
obtain a mixture of those components of lowest boiling point up 
to any desired point. From a second operation a second cut 
uncontaminated with both the first and with higher-boiling 
residues may be obtained, and so on. 
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Alcohol , — The behavior of fusel oil (amyl alcohol) m the 
distillation of the fermented mash m the manufactuie of alcohol 
is interesting The fusel oil boils at about 130° C , but is only 
sparingly soluble in water Therefore as shown on p 586, its 
volatility when dissolved in water is abnormally high. If in an 
alcohol column fusel oil gets down on the lower plates where 
there is practically nothing but water, its volatility is such that 
it IS earned up the column On the other hand any fusel oil 
which gets into the top of the column is in the zone of nearly 
pure alcohol Here because of its complete miscibility its vola- 
tility IS normal and hence, because of the high reflux, it is carried 
down again It is obvious, therefore, that this component must 
concentrate in the middle of the column In a batch operation 
it will remain m the middle until a large part of the alcohol is 
over and then it will distill with the low-test tailings In a 
continuous column its concentration reaches such a point that 
it can be lemoved continuously from one of the plates in the 
middle of the column. The liquid removed contains both alcohol 
and water but the fusel oil has been concentrated to such an 
extent that its recovery from this liquid is easy. 

METHODS OF CALCULATION 

One Volatile Component Steam Distillation 

As was pointed out on page 566 many of the factors con- 
trolling the design of apparatus for steam distillation have 
already been considered. The method for calculating the com- 
position of the vapor leaving the still, determining as it does 
the steam consumption, requires further consideration 
The equation 

WaJPaMa 
Wb VbMb^ 

discussed on page 567, assumes the validity of the gas laws under 
the conditions obtaining At atmospheric pressure deviations 
from these laws are generally not more than two or three per 
cent, and higher pressures are seldom used 

If the material distilled be entirely insoluble in water, Pa is 
the vapor pressure of the pure substance, and is the difference 
between the pressure reigning in the system and Pa Even 
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where mutual solubility is quite appreciable the equation may 
be employed, because since the vapor pressure of each is lowered 
approximately the same by the other, the ratio is but slightly 
affected ^ Further, since the vapor-pressure curves of all sub- 
stances are almost parallel, the ratio of the vapor pressures of 
two components change but little with temperature. When, 
however, the mutual solubility of the two substances is great, 
these considerations do not apply In these cases one must 
estimate the partial pressures from the known solubilities as 
suggested on page 586 

Unless the steam used be highly superheated, or heat from 
an external source be supplied in addition to that of the steam, 
water will always be present in the still. This follows from the 
fact that when the heat of vaporization of the substance distilled 
is taken from the steam, an equivalent amount of water must 
be condensed. 

In a direct-fired still operating by the semi-batch method, stearic acid is 
being purified by steam distillation in a vacuum Superheated steam is 
injected mto the mass by means of a system of perforated pipes m such a 
manner that the stearic acid vapors and steam leave the still at a temper- 
ature of 240° C , and the steam 70 per cent saturated with acid, 2 e , in a 
latio equivalent to 70 per cent of the equilibrium value Assume the follow- 
ing operating conditions to obtam barometer, 748 mm of mercury, vacuum 
m still, 662 mm , and temperature of material when charged, 70° F 

Data 

Average sp ht of solid stearic acid 
Latent heat of fusion of stearic acid 
Melting pomt of stearic acid 
Average sp ht of liquid stearic acid 
Latent heat of vaporization of acid at 240° C 
Vapor pressure of stearic acid m mm of mercury 

at 240° C 19 

at 220° C . 11 

at 200° C 3 

Total heat above 70° F of dry saturated steam at 240° C = 1,233 B t u /lb 
Sp heat of low-pressure superheated steam =0 46 Mol wt of acid = 284 4 
1 Calculate the pounds of acid passmg to the condenser per poimd of 
steam, on the assumption (a) that the top of the still is so jacketed by com- 
bustion products that no heat is lost by the vapors leaving the acid in the 

^This is more strictly true when the molal solubilities of each m the 
other are approximately equal 


0 4 

47 6 gm cal per gm 
64° C 
0 55 

66 0 gm cal per gm 
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bottom of the still until they reach the condenser, {h) that the still is not 
thus jacketed and that the vapors cool 40® C before leaving the top of the 
still, and, finally, (c) that the still is lagged but not jacketed, so that the 
vapors cool 20° before leavmg the still 

2 In cases (Jo) and (c) what per cent of the acid initially evaporated in 
the still is refluxed back into it for re-evaporation, and what per cent of the 
total heat consumed m the initial distillation of the acid is lost by radiation 
and convection from the top of the stiU'i^ 

3 What IS the total consumption of heat required for the distillation m 
the three cases, expressed as B t u per lb of product 

1 lb steam leaving the still at 240° C 

Pressure of acid = (0 70) (19) =13 3 mm 
Total absolute pressure = 748 — 662 = 86 mm 

Pressuie of steam =86 — 13 3=72 7 mm 

Heat consumption in C h u per lb of acid 

To heat solid acid 0 4 (64—21) = 17 2' 

To melt solid acid = 47 6 » 

To heat liquid acid 0 55 (240-64) = 96 9 
To evaporate acid = 66 0 

Total =2^7* 

Hence the heat used by the acid evapoiatcd by 1 lb of steam is 2 89 ^ times 
this in Chu or 1 8 times the latter m Btu =1186 To this one must 
add the 1233 B t u m the steam, or a total of 2419 Btu, which is 838 Btu 
per lb of product 

At 200° the weight of acid per lb of steam (figured similarly to the 
above) is 0 57 lbs , i e , 2 32 lbs are condensed and refluxed, or 80 3 per 
cent of the total evaporated The heat lost is 1 8 (240 —200) (0 46) = 33 B t u 
due to cooling of the steam, 1 8 (240—200) (0 55) (0 57) =23 Btu due to 
cooling of acid vapor, 18 (66) (2 32) =275 Btu due to condensation, a 
total of 331 Btu or 13 7 per cent of the total heat consumed 

Similarly, at 220°, the acid distilled per lb of steam is 2 32 lbs , while 
the reflux is 0 575 lbs or 19 9 per cent, and the heat lost is 131 Btu or 
5 4 per cent Obviously, the heat consumption per pound of product is 
found by dividing the total used, 2419 Btu, by the yield Hence the 
answers are as follows 

la 2 89 lbs of acid evaporated per lb of steam 

15 0 57 lbs of acid evaporated per lb of steam 

Ic 2 32 lbs of acid evaporated per lb of steam 

2b 80 3 per cent of the acid is refluxed for 13 7 per cent heat loss 

2c 19 9 per cent of the acid is refluxed for 5 4 per cent heat loss 

3a 838 Btu per lb of product 

36 4240 Btu per lb of product 

3c 1043 Btu per lb of product. 

1 (13 3) (284)/(72 7) (18 02) =2 89 lbs. acid/lb steam 
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These figuves stvihingly illustTale the i/mportance of ovozdiug loss of heat ftovi 
the top of the still 


Miscible Binary Liquids 


Simple Distillation, Rayleigh Equation— The computation 
of the separation realizable in any given case of simple distilla- 
tion was first made by Lord Rayleigh '*■ Since the composition 
of the liquid m a still will change continuously during distillation, 
the analysis must be a differential one 

Assume at any given time an amount of liquid in the still of weight L, 
the composition of which m respect to the more volatile component is r 
Distil off the small amount dL, the composition of which will be y, where 
y IS determmed as a function of x by the x versus y equilibrium Since in 
general y is greater than x, the composition of the liquid in respect to the 
more volatile component will now have fallen to a value of x—dx The 
part left in the still is equal to the new concentration times the new weight 
(x-dx) (L-dL), and that in the distillate will equal its concentration y, 
times the weight dL These quantities may be equated, giving 


Or, 


xL-{x—dx) {L—dL)-\-ydL 
xL =xL— Ldx — xdL -\-dxdL -1- ydL 


Rejectmg the second order differential, this becomes 

dL dx 


which is the Rayleigh equation m the differential form Integrating between 
the limits xi and xa, with corresponding values Li and 


lUt 


u 

Li 


dx 

X 2 ^“"^ 


In the few cases where a mathematical relationship between x and y is 
known, this integral may be evaluated thereby, but as a usual thmg resort 
must be had to the graphical determination of the area under the curve of 
lj{y—x) versus x 

For the special case in which Raoult’s law applies and m which, over 
the temperature range under consideration, the ratio of the pressure of the 
two components, P 1 /P 2 , is approximately constant, y—axl[l-\'(a — l)x] and 
this equation integrates to 



, Xi 1 -Xi 
ITle 'podTle Z ' 

Xi I’-Xi 


where a =Pi/P 2 = relative volatility (seep 585) 


> Phil Mag , 1904 , 534 
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For the special ease of dilute solutions which follow Henry’s law one 
may write y = kx, whence the integral becomes 

, Li I xi 

Ine — = Irie — , 

Li fc— 1 X2 

Obviously, L and a; may be expressed in mols and mol-fraction, respec- 
tively, or in weight and fraction by weight Another form of the Rayleigh 
equation is given on p 731 

Partial Condensation. — Theoretically there are two diamet- 
rically diffeient ways of producing a partial condensation, that 
foim two limiting cases between which all actual condensations 
he The first, which is called simple condensation j is charac- 
terized by keeping the condensate in contact and m equilibrium 
with the residual vapor, till the partial condensation is stopped 
The second, differential condensation , consists in continually 
removing the condensate from the system as soon as formed 
Continuous simple condensations may be perfectly and easily 
realized by maintaining a certain amount of liquid condensate 
in the condenser, bubbling the incoming vapors through the 
liquid with sufficient contact to secure equilibrium, producing 
the partial condensation by coohng the liquid itself, and removing 
the excess of liquid formed by a continuous overflow at the 
surface where the vapor escapes There is no mechanical device 
to accomplish a perfect differential condensation, though it can 
be closely approximated 


Simple Partial Condensation — Given a weight of vapor, Gi, of com- 
position 2/1 j to be eniiched by simple condensation to a composition of 2/2, 
it is obvious that the condensate must have a composition X2, connected 
with 2/2 by the x versus y curve Let the residual weight of vapor be G2 
Equating the original and final amounts of volatile component, 


or 


2/l(?l = 2/2f?2 A- ^2 {Gi — G 2 ) , 


G2 — G1 


yi-x2 

2/2 —X2 


Since neither G2 nor the term 2/2— ^2 can be negative, this equation loses its 
physical significance if X2 be greater than 2/1, m other words, the limit of 
enrichment of a vapor by simple condensation is represented by that vapor 
which is in equilibrium with the liquid havmg the composition of the original 
vapor, while the yield of enriched vapor is m this limiting case infinitesimal 
Differential Partial Condensation — If the condensation be a differential 
one, the new concentration of the vapor is equal to the new amount of 
volatile component m the same, divided by its total weight, ^ e , 




yGA-xdG 
G+dG » 
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whence, 


yG Gdy — xdG -\-dyd G — yG— ydG 


Discarding the differential of the second older and solving, 


whence 


G x-y' 



dy 

y-x 


A differential condensation is more efficient than one, or any number of 
successive finite, simple, condensations between the same limits, and repre- 
sents the theoretical maximum efficiency of separation It may be con- 
sidered as an infinite series of infinitesimal simple condensations For 
purposes of comparison the performance of a partial condenser should be 
given m per cent of this theoretical maximum, which may be determined by 
measurmg the area under the curve of \/{y—x) versus y. 

r 

y^liectificatioa. — The mathematical theory of the rectifying 
column as applied to the distillation of binary mixtures was 
first developed by Ernst Sorel,^ who calculated the enrichment 
from plate to plate by equating the amount of energy and of 
matter entering and leaving each plate and by assuming that 
equilibrium was realized between the vapors and the liquid 
through which it bubbled. Sorel applied his method successively 
from one plate to the next in a column. In consequence the 
computations become involved and it is difficult to visualize 
what IS takmg place The following is a modification of SoreFs 
method, which simplifies computation and makes it possible to 
present results in graphical form. 

The derivation will assume a column in continuous operation, 
with the feed, z.e , the binary mixture to be separated, entering 
on a plate somewhere between the top and the bottom of the 
column The results may, however, be applied to a discon- 
tinuous column at any particular instant during the operation, 
provided the amount of condensate in the column be small in 
proportion to the amount of liquid in the still 

Nomenclature — The nomenclature is indicated by Fig 147, 
where, for sake of simplicity, there is shown a single condenser, 
so that the overflow back into the column is of the same com- 
position as the product. However, this has nothing to do with 

^ Sorel, ^Ta Rectification de Falcool,'^ Pans, 1893 
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the derivation and does not affect the validity of the equations 
Heat IS supplied by conduction at the bottom of the column, as 
by means of steam condensing in closed coils, or by externally 
firing the still 

Call any particular (variable) plate above the feed plate the 
nth and below it the mth plate Call the amount of vapor, 
measured in mols per unit time, passing any particular section, 
V, and the amount of overflow passing the section, 0 On 
the same basis, F, P, and W represent the respective amounts of 
feed, overhead product and residue These quantities are to 



include in each case the mols of both components Designate 
the point of origin of the particular vapor or overflow refen ed 
to by the use of a subscript, thus, Vn is the mols of vapor rising 
from the nth plate, while On+i is the mols of overflow coming 
down to that plate from the plate above. Use the subscripts / 
and c to refer to the feed line and to the condenser, respectively 
Call the mol fraction of the more volatile component in the 
liquid X and the mol fraction in the vapor y Indicate the 
liquid to which reference is made by subscripts, thus is the mol 
fraction of volatile component m the residue leaving the bottom 
of the still, while is the mol fraction of the same component 
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in. the vapor rising from the mth plate The quantities required 
in discussion are assembled in the following table: 

X = Mol fraction of more volatile component m liquid 
y = Mol fraction of more volatile component in vapor 
P = Mols of distillate withdrawn as product per unit of time 
a;c = Mol fraction of more volatile component in the distillate 
On+ i = Mols of overflow from plate to plate n, per unit time 

a;n+i = Mol fraction of more volatile component in overflow, On+i 
7n = Mols of vapor passing from plate n to plate n+1 per unit 
time 

yn = Mol fraction of more volatile component in vapor, Vn 
P = Mols of the mixture fed to the column per unit time 
a;/ = Mol fraction of more volatile component in feed, P. 

TF = Mols of residue per unit time 

a;,^ = Mol fraction of more volatile component in residue, W 
0'n+i = Theoretical minimum overflow from plate n+1? per unit 
time 

= Average fractionation efficiency of the tower and plates, 
% e , ratio of the number of plates theoretically required 
to the actual requirement 

n = The number of the plate under consideration, counting 
from the feed plate up 

m = The number of the plate under consideration, below the 
feed plate, counting up from the still 
Qn = Total latent heat in the vapor Vn 
ri = Molal heat of vaporization of more volatile component 
r 2 — Molal heat of vaporization of less volatile component 
It IS easy to visualize each step and appreciate its significance 
by discussion of a special, illustrative case; consequently the 
following will refer to the separation of alcohol and water, alcohol 
being the more volatile component 

Consider the whole apparatus above a section drawn between 
the nth and the (n+l)th plate, just below the latter The only 
thing entering this section is the vapor from the nth plate, 
Leaving this section is the product P, and the overflow from the 
(n+l)th plate, On+i Therefore, by a total material balance, 

7n = On+l+P . . (1) 

The total alcohol entering this section must equal that leaving 
it, i e,, 
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y^Vn — ^n+1 (2) 

By eliminating from these two equations, one obtains 

_ On+l^n+l I P^ c /rt\ 

0,+i+P“^0.+i+P ' 

Similarly, for conditions below the feed plate one obtains, 

Om+l ^m+1 TVXio , 

Since these equations represent nothing but equality of input and 
output, for conditions of steady operation their validity cannot 
be questioned Furthermore, inspection of Eq (3) shows that 
under these conditions, it contains only three variables, Xn^i, 
ynj and On+i Similarly, the only variables in Eq (4) are 
ym} and Om+i Obviously, therefore, one needs to find only one 
other independent relationship between these variables to 
determine the value of both the others if that of any one be known 
at any point in the column, and this relation is a heat balance. 
While the principle underlying such a heat balance is simple, 
its details become, in the general case, sufficiently involved to 
interfere with a clean-cut visualization of the significance of the 
results Hence, to avoid this difficulty, at the start certain 
simplifying assumptions will be made, which in many important 
cases are close approximations to the facts 

The heat supply to that part of the column above the nth. 
plate is obviously restricted to the heat content of the vapor Vn 
entering it Part of this heat may be lost through the walls, 
part IS consumed in heating up the liquid overflow going down 
the column, and the rest goes to supply the heat in the vapor 
rising to the plates above. Since heat loss by conduction through 
and radiation from the walls of the column should be eliminated, 
so far as practicable, by lagging or otherwise, it will now be 
assumed that this has been done to a point such that heat thus 
lost IS a negligible fraction of the total. ^ Furthermore, where 
the specific heats of the components are small compared with 
the latent heats and where the temperature gradient through the 

^ Where a column is large m cross-section and operated to its full vapor 
capacity, the ratio of surface to volume becomes so small that heat losses 
from the sides are sometimes a negligible fraction of the total, so far as these 
calculations are concerned, even though the column be uninsulated and the 
losses large in absolute value 
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column is small e , where the difference in boiling points between 
distillate and residue is not great), that fraction of the total heat 
which goes to heat up the overflow on its way down the column^ 
may be negligible That such is the case will be the second as- 
sumption made The heat of mixing of liquids which do not react 
chemically or exhibit the phenomena of dissociation, molecular 
association, and the like, is usually small, particularly in compari- 
son with the latent heats of vaporization The heat of mixing 
of the vapors is even smaller. The third assumption will be 
that these factors are not appreciable. From these assumptions 
it follows that the latent heat of the vapor passing any given 
section of the column above the feed plate is found as latent heat 
in the vapor at any other section higher up, % e , that the total 
latent heat of the vapor at all sections above the feed plate is a 
constant quantity for fixed conditions of continuous operation 
An analogous argument will demonstrate a similar rule below the 
feed plate and, if the feed enters at its boiling point, the latent 
heat has the same constant value throughout the entire column 
If the feed enters below its boihng point, excess vapor must rise 
through the lower part of the column to warm the feed to the 
boiling point 

Liquids can be divided into two groups, the associating and 
non-associating types Within each group the molal heat of 
vaporization divided by the absolute temperature is substantially 
constant, provided the boiling temperatures are not far distant 
from each other (Trouton’s rule, p 14). Since distillation is a 
serious problem only where the boiling points of the components 
are nearly the same, this is equivalent to saying that the molal 
heats of vaporization of the components in the column will usually 
be practically equal if both components be associating (water, 
ammonia, alcohol, etc ), or if both be non-associatmg (hydro- 
carbons and most organic liquids) Finally, it is assumed that 
the two liquids in the column belong to the same group, % e , 
that the molal heats of vaporization are nearly the same On this 
basis, it is obvious that for each mol of high-boiling constituents 
condensed out of the vapor, a mol of low-boilmg constituent must 
be volatilized from the hquid In other words, above the feed 

^ It must be remembered that m the column the liquid on each plate 
must be at its boiling point, since otherwise it would not evolve vapor to pass 
on up the column 
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plate, both the molal overflow from plate to plate and the mols 
of vapor passing up the column must be constant throughout this 
section , the same applies below the feed plate but the vapor will, 
however, obviously be greater than above the feed plate if the 
feed enters below its boiling point, since some vapor must con- 
dense to heat the feed In all cases the overflow is greater below 
the feed plate than above it, as a result of the amount of liquid 
mixture fed into the column Since it is impossible to condense 
the vapor from the top plate without cooling it below its boiling 
point, the reflux from the condenser will be cooler than the boiling 
liquid on the top plate , hence the amount of overflow in the column 
IS greater than the reflux from the condenser The effect of this 
IS often negligible but may be large 

Under such conditions, therefore, the molal overflow from plate 
to plate above the feed plate, % e , the term On^i m Eq (3) is con- 
stant and, similarly Om+i m Eq (4), however, O^+i is greater than 
On+i Hence, it follows that Xn+i is linear in and in ^ 
Furthermore, for fixed operating conditions, i e , definite quanti- 
ties and concentrations of feed, distillate and residue and a given 
overflow, the slopes of these lines are known and the location of 
a single point upon either of them determines the whole line 
Since these lines, based as they are only upon energy and material 
balances m the column, represent the conditions necessarily 
existing at each section in the column between the vapor rising 
and the overflow passing down through that section, they are 
called the operating or rectifying lines To distinguish between 
conditions above and below the feed plate, the foimer may, in 
any specific case, be called the enriching and the latter the 
exhausting line 

It must be emphasized that, so far as a bubble plate column 
is concerned, the preceding discussion has been limited to the 
relation between the composition of the vapor rising from a plate 
and that of the overflow onto it from the plate above The 
relation between the composition of the vapor and that of the 
liquid on the plate below from which it came must now be 
considered 

All available data indicate that the vapor evolved from any 
mixture of volatile liquids is, at the moment of its evolution, in 
complete equilibrium with the liquid from which it is given off 
The vapor rising from a given plate of a column is, however, by no 

^ McCabe and Thiele, Graphical Design of Fractionating Columns, 
bd Eng Chem , 17 (June, 1925), 605 
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means all evolved from the liquid on that plate, it consists largely 
of vapor from lower plates, which because of inadequate contact 
with the liquid on the plate in question, has not had opportunity 
completely to react and come into equilibrium with it ^ Further- 
more, the liquid on a plate is not uniform in composition but 
grows progressively poorer in volatile constituent as it flows 
from the point of discharge of the overflow from the plate above, 
across the plate, to the entrance to the overflow pipe leading to 
the plate below. It must, however, be kept in mind that the 
violent agitation produced by the vapor rising beneath the surface 
of the liquid tends to give thorough mixing and hence to maintain 
substantial uniformity of liquid composition on each plate 
Such perfect mixing is usually assumed as the basis of column 
design This obviously implies that the composition of the 
overflow onto the plate below is identical with that of the reacting 
liquid on the plate from which it comes In an ideal column, 
perfect vapor-hquid contact would give a result equivalent to 
complete condensation of the vapor rising into a plate m the 
liquid on it, the heat of this condensation serving to evolve a new 
vapor m equilibrium with it (see p. 563) Such an ideal column 
serves as the standard of performance of rectifying equipment 
In it the relation between the composition of the vapor at a given 
section and that of the liquid on the plate from which that vapor 
came must, therefore, be given by the equilibrium x-y curve 

It follows, therefore, that the conditions existing m a column 
operating continuously, with a constant value of the molal over- 
flow above the feed plate and another, larger, constant overflow 
below it, m which the vapor rising from each plate is in substantial 
equilibrium with the hquid of uniform composition on that plate, 
may be represented by a diagram similar to Fig 148. Equilib- 
rium IS represented by the curve OEFG, The operating lines 
are AE and DF, corresponding to Eqs (3) and (4), respectively 
Consider, for the moment, a plate on which the composition of 
the hquid is a? 2 . Since the vapor nsing from this plate is m equilib- 
rium with this liquid, its composition must be 2 / 2 ; corresponding to 
a point L on the equilibrium curve Furthermore, the composi-* 
tion of the vapor rising from the plate below must be 2 / 3 , determined 
by the point S vertically below L, smce the rela'tion between the 
composition of the vapor rising into a plate and that of the over- 
flow from it (identical with that of the hquid on it) is given by the 
^ Based on the absorption equations (p 653), Murphree obtained a valu- 
able modification of Fig 148, see Ind. Eng Chem , 17 (1925), 747 and 960. 
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enriching line AB Similaily, the composition of the liquid on 
the plate above the one in question must ho Xi,i e , the abscissa 
of that point R on the enriching line which has the same vapor 
composition as point L, and therefore lies on the same hori- 
zontal level with it In other words, the changes in concentra- 
tion, as one goes from plate to plate down the column, are found 
quantitatively by going stepwise alternately from the enriching 
line to the equilibnum curve and back again, first horizontally 



Fig 148 — Diagiam Illustrating Graphical Stepwise Method of McCabe 

and Thiele 

and then vertically, as indicated in Fig. 148 Thus, if Xi is the 
composition of the liquid on one plate, is that on the plate 
below, 0^3 on the next, and so on. 

To start this stepwise operation, one must know the com- 
position of the liquid on some one plate or else that of the vapor 
from it In the case of the arrangement of Fig 147, inspection 




608 


PRINCIPLES OF CHEMICAL ENGINEERING 


makes it clear that the composition of the vapor from the top 
plate must be identical with that of the product Xc^ since no 
separation or enrichment of this vapor takes place m the con-* 
denser Calling the top plate liquor composition Xi, and the 
corresponding vapor yij it follows that yi~Xc* Hence Xi is 
found by going vertically at the abscissa, x = Xcj to the 45~deg. 
line ODAG (along which obviously x = y), thus fixing the point 
A Xi is on the equilibrium curve, horizontally to the left of A 
Furthermore, if in Eq. (3) one insert top plate conditions for 
this case, namely, yn — ^c, one obtains Xn+i=^yn — Xc] in other 
words, the enrichment line must go through point A, as above 
determined. Rearranging^ Eqs (3) and (4) 


and 


yn = 


* n 


PXo 

Vn 


0. 




Yn. 


■^jn+1 


Wx-uj 

Vm 


(3a) 

(4a) 


it IS obvious that the ratio of reflux to vapor, On^ilVn, is the 
slope of the enrichment line Hence, when this ratio is known, 
the line AB is fully determined and readily drawn Therefore, 
for the conditions in question the following rule may be formu- 
lated On the x-y diagram plot the equilibrium curve OEFG 
and the diagonal ODAG Determine point A corresponding 
to the abscissa x=Xc* Draw the line AB with the slope On+i/Vn 
Conditions from plate to plate m the column are determined 
by going from point A horizontally to the equilibrium curve, 
then vertically down to the operating enrichment line AB, 
and so on 

By eliminating y from Eq (4a) and from the equation ^ = 
one finds that the exhausting line must of necessity go through 
the point D, on the diagonal ODAG, corresponding to the abscissa 
x — Xv, Furthermore, its slope is Om+ijy'mj though this slope 

IS normally numerically larger than above the feed plate In 
any case, this line DF is determined by the operating conditions 
and readily drawn In the stepwise determination of plate-to- 

1 Equation (3a) may also be obtained directly from Eq (2), which repre- 
sents equality of input to output of the more volatile component m the 
section above the feed plate Equation (4a) is a similar balance on the 
section below the feed plate 
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plate conditions below the point of feed, this operating line 
must be employed instead of the line AE, 

In going down the column along the enrichment line, one 
must face the question as to where it is necessary or desirable to 
change to the exhausting line, i e , on what plate in the column 
should the feed be introduced It is obvious that at every point 
the vapor will be poorer in low-boiling constituent than corre- 
sponds to equilibrium with the liquid at the same section of the 
column; in other words, operating conditions in the column can 
never correspond to any point to the left of the equilibrium 
curve Obviously, therefore, the enriching line loses its physical 
significance below the point E and the exhausting line above the 
point F. The composition of the liquid on the feed plate, how- 
ever, can never exceed that of the feed, and consequently there 
can be no operating point on the exhausting line above the 
point C ^ 

Inspection of Fig 148 shows that point z corresponds to the 
conditions on the highest plate that can possibly be the feed 
plate Inspection likewise shows that one might follow the 
enriching line further down than this, but as each step corre- 

^ This can be made clear by the following analysis Consider a column 
operating continuously with constant rates and compositions of feed, dis- 
tillate, and residue, and constant supply of heat at the bottom and removal at 
the top Assume that the valve m the feed line be suddenly closed. It is 
clear that the concentrations at all points in the column will start to drop 
It IS true that there will be a certain time lag m this effect, that, for example, 
concentration changes at the top will not develop until vapor from the feed 
plate has penetrated up the column, none the less, concentrations will fall 
and this drop will start first at the feed plate Obviously, therefore, in 
normal continuous operation concentrations are held up to the operating 
values because of the introduction of low-boiling material m the feed This 
means that the boiling liquid on the feed plate is subjected to a combination 
of effects, the net overall result of which, except for the introduction of the 
feed, IS to reduce its concentration, and this reduction in concentration of 
the liquor on the feed plate is prevented by the influx of the feed Were the 
composition of the liquid on the feed plate richer than that of the feed, the 
introduction of the latter would obviously tend to dilute the former, not to 
maintain its concentration Therefore it follows that the composition of 
the liquid on the feed plate must be lower than that of the feed, though the 
concentration difference between the two may in the limiting case be only 
a differential amount Hence, the composition of the liquid on the feed 
plate must be below point C of Fig 148, corresponding to the abscissa 

X=Xf 
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spends to a plate, it is obvious that to do so would be to necessi- 
tate the use of a larger number of plates for the operation as a 
whole than is required by changing from the ennching line to the 
exhausting line at the earliest possible moment In other words, 
while the feed can be mtroduced mto the column at any point 
below the point C and above E in Fig 148, it will shorten the 
column, and therefore reduce construction expense with no 
counterbalancing disadvantages whatsoever to introduce it, 
^ e , to shift from the enriching line to the exhausting hne, at 
the highest possible point below C 

In the ideal column the final step must of necessity fall on 
point D, correspondmg to the composition of the efiluent liquid 
in the still. If, on the diagram as constructed, this does not 
happen it means that, from the pomt of view of material and 
heat balances, the column cannot operate to meet all the con- 
ditions set Thus, to look at it m one way, the overflow chosen 
IS incompatible with the separation assumed The choice 
of a slightly different overflow, however, will change the slopes 
of the operating hnes, AC and DC, and a very slight shift in 
these will make the last step fall at D It is not usual, however, 
to make such an adjustment, because if one sees to it that the 
last step overlaps the point D, one is on the safe side In other 
words, an ideal column with these many steps would give the 
separation required with a trifle smaller overflow 

From an overall heat balance, it is obvious that, if the feed 
enters as liquid at the boflmg point, in the ideal column the 
molal overflow below the feed plate will equal the mols of feed 
plus the overflow from the enriching section, and the intersection 
of the enrichmg and exhausting lines, ? e , the point C, must of 
necessity fall on the vertical line the abscissa of which corresponds 
to the concentration of the feed, i e , at x=Xf 

Inspection will show that the steeper the operating lines, 
VIZ , the larger the ratio of reflux to vapor, the smaller the num- 
ber of steps and therefore the less the necessary length of the 
column Smee reflux is obtained, however, particularly that 
in the upper part of the column, by boiling vapor out of the 
still and condensing it at the top, not to be taken off as distillate, 
but to be returned down the tower, it is obvious that steepness 
of the operating Imes and resulting saving in column height is 
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obtained by increased heat consumption Heat can be saved 
by using less reflux, flatter lines, and a longer column 

Theoretically Minimum Reflux Ratio — Since, however, oper- 
ating concentrations cannot exist to the left of the equilibrium 
curve, inspection of Fig 149 makes it clear that any such lines 
as da and ae are inoperable and that the flattest lines which are 
operable are represented by the combination db and be. For 



this case, however, it will be clear that m drawing in the steps 
corresponding to successive plate conditions, at the point 6 one 
will encounter an infinite number of indefinitely small steps 
on both the enriching and exhausting lines In other words, 
this would involve a column of infinite height. The reflux 
ratio corresponding to this line will be called the minimum reflux 
ratio When the liquid feed is at the boiling point, the minimum 
reflux ratio is given by the equation: 

0 w+l "““yn /r\ 

F. 
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Also since Vn = G'n+i + P, 


0 n+l Vn 

P Vn—Xn 


(5a) 


For liquids of normal volatility (see p 584) the value of O'^+i/Fn 
IS greatest where yn and Xn correspond to y/ and Xf, respectively 
For liquids of abnormal relative volatility, such as alcohol- water, 
one could plot the line db, and from its slope, determine O'n+i/Fn 
Better precision, however, is obtained by calculating this value 
from Equations (5) or (5a), see pp 616 and 619 

Actual operation will always correspond to a greater reflux 
and steeper lines than this, t e , to some such combinations as 
dc and ce 

/ Theoretically Minimum Number of Plates — It is interesting 
to note that a reflux ratio of unity makes the operating lines 
coincide with the 45-deg diagonal dge This represents the 
smallest possible number of steps which will, under any condi- 
tions, give the required separation Such a column has, how- 
ever, a negligible capacity and an infinite heat consumption per 
unit product It corresponds to the conditions of Figs 133 to 
135, discussed on pages 561 to 564 

Plate Efficiency — In practice, equilibrium, between vapor and 
liquid is never reached. The number of plates theoretically 
necessary for a given enrichment, calculated from these equa- 
tions, divided by the number actually required, is called the plate 
efliciency of the column. While this will obviously vary with 
operating conditions and character of construction, for all types 
of bubble plates the variation is remarkably small Plate 
efficiencies higher than 80 per cent are apparently never realized 
With good distribution of the vapor bubbles through the liquid, 
efficiencies are usually from 40 to 70 per cent Some mixtures 
apparently give higher efficiencies than others and occasionally 
the concentration range in which one is operating seems to influ- 
ence the result, although but little is known regarding these factors 
Where operating conditions are unsatisfactory, however, effi- 
ciencies drop off sharply Thus, if the bubble caps are so designed 
that the vapor bubbles are excessive in size, if the plates are not 
properly leveled so that most of the vapor goes through some of 
the caps and little or none through others, or if the overflow short- 
circuits across the plate without properly mixing with the liquid 



DISTILLATION 


613 


on it, operating efficiencies as low as 20 to 25 per cent may be 
encountered In the design and operation of the equipment, it 
is important to provide against such contingencies. The actual 
number of plates in the column is obtained by dividing the 
theoretical number, computed by the methods outlined above, 
by the plate efficiency which one can anticipate from the type of 
equipment and operating conditions it is proposed to employ 
Packed Columns — Peters^ has called attention to the fact that 
in the operation of packed towers a certain tower height is 
necessary to furnish the equivalent effect m separation of one 
theoretically perfect bubble plate ^ He designates this as the 
height equivalent to one theoretical plate. This height is less 
the smaller the size of the packing material For hollow cylin- 
drical rings of length equal to diameter, Peters finds that 1-in 
lings lequire 40 in of tower height to furnish the equivalent of 
one theoretical plate, and that the height required for other sizes 
is substantially proportional to the size, ^e , rings would 
require 20 in of tower height, etc A similar rule undoubtedly 
applies for other types of packing, but exact data are not available 

Illustration 2 — ^Let it be required to separate, by continuous rectification, 
a 50 mol-per cent mixture of benzene and toluene, leaving not to exceed 0 1 
mol-pei cent of benzene in the residue and the same amount of toluene in the 
distillate 

Since the relative volatility of benzene and toluene is normal, as shown 
on page 612, the theoretically mmimum ratio of reflux to vapor may be 
determined by inserting in Eq (5), 2//-0 713 and a;/=0 500, giving 
O'n+i/Fft =0 573, corresponding to 0'n+i/P = 134 Hence the ratio of 
reflux to vapor actually used must exceed 0 573, as otherwise an infinite 
number of plates would be required 

The corresponding diagram is shown m Fig 150 The operating lines 
intersecting at point 3 correspond to a reflux ratio, On+i/Fn=0 767 The 
number of perfect plates required, 19, is obtained by counting the steps 
drawn in for that case The composition on the feed plate is 42 mol-per cent 

It IS obvious that one could employ a lower reflux ratio by using more plates 
The operating lines intersecting at point 2 correspond to a reflux ratio of 
0 667 and those meeting at point 1 to a ratio of 0 582 The last set of lines 
are based on a reflux ratio only slightly above the theoretical minimum value, 
0 573 The second assumption requires 25 perfect plates and the third 41 
In Fig 151 the compositions on each plate are plotted against the plate 
number for each of these three cases and smooth curves drawn through the 
points. The left-hand curve, corresponding to a large reflux, is S shaped, 
i/nd Eng Chem , 14, No 6 (June, 1922), 476 

^Computation methods for packed columns are given onpp 675 to 715 



614 


PRINCIPLES OF CHEMICAL ENGINEERING 


using slowly at the bottom, much more rapidly m the middle of the column, 
and flattening off toward the top This is characteristic of a rectification 
operation In the right-hand curve, not only is the slope less at each con- 
centration throughout the curve but there is a very decided flattening of the 
curve in the middle, corresponding to the pinching at the feed plate between 



Fig 150 — Continuous Rectificatjon of Benzene-Toluene in Ideal Bubble- 
Plate Column (Problem 2) 


the operating lines and the equilibrium curve Ordinarily, this phenomenon 
does not develop m operating columns because it is usually advisable to 
save on column size at the expense of a somewhat higher heat consumption 
corresponding to a higher reflux ratio In the intermediate curve this 
flattening at the middle is barely detectable The number of plates actually 
necessary for the separation will be found by dividing those shown on these 
diagrams by the plate efficiency 
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NUMBER OF PLATES 

Fig 151 — Concentration Gradients m the Ideal Bubble-Plate Column, 
Using Three Different Ratios of Reflux to Vapor 
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Illustration 3. — It is desired to rectify continuously an aqueous solution 
containing 10 per cent alcohol by weight to produce a 94 5 per cent product 
and leave only 0 1 per cent alcohol m the residue^ using the type of apparatus 
shown m Fig 147 

What overflow should be used*!* What will be the height of the column 
required and at what point should the feed be introduced 



Fig 152 — Curve of a; vs y for Alcohol-water Mixtures 


The mol fraction of alcohol in the feed is 


10 

46 05 
10 90 

46 05'^18 02 


= 0 0417, 


that of the product similarly computed is 0 8705, and that of the waste 
0 00039 

Figure 152 shows the equilibrium diagram for alcohol-water mixtuies 
expressed m mol fraction of alcohol Inspection of this diagram will show 
that if one attempt to draw an enrichment line from the point on the 45-deg 
line corresponding to the composition of the product, 0 8705, to intersect 
the eqmlibnum curve at the composition of the feed, 0 0417, this line would 
cross the equilibrium curve m its upper end, slightly above a;=0 8, and is, 
therefore, inoperable. The lowest operable ratio of reflux to vapor corre- 
sponds to a line startmg at this same upper right-hand point and drawn 
tangent to the equilibrium curve It is more exact, however, to determine 
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Fig 153 — Variation of O' with Xn^ for Rectification of Alcohol to 94 5 Per 
Cent by Weight (Problem 3, page 616) 
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® =MOL FRACTION OF ALCOHOL IN LIQUID 
Fig 155 —(Problem 3) 



*=MOL FRACTION OF ALCOHOL IN LIQUID 
Fig. 156 — (Problem 3). 
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this reflux ratio by the use of Eq (5a), substituting therein the values of 
and 2/ from the equilibrium diagram The results so obtained are 
plotted m Fig 153 and indicate a minimum ratio of leflux to product of 
3^ Since — this corresponds to a latio of reflux to vapor, 

On+i/Fn, of I, Such a ratio would, of course, call for a column of infinite 
height, and it is essential to increase the reflux ratio very materially because 
in this case the enriching line parallels the equilibrium curve so closely 
through a long range in the upper part of the diagram It will be assumed 
that an operating ratio of leflux to product of 5 will be employed, corre- 
sponding to a ratio of reflux to vapor up the column of 0 833 



»-M0L FRACTION OF ALCOHOL IN UQUTO 
Fig 157 — (Problem 3) 


1 Figure 153 shows that on the plate where Xn=0 835 the theoretically 
minimum overflow must be 3 0 mols per mol of product Between this 
point and the top plate, the theoretical overflow is smaller, and the same is 
true below Xn.~0 835 until the =0 028 At values lower than a; ==0 028, 
it IS seen that the theoretical overflow exceeds 3 0 mols per mol of product 
The minimum oveiflow below the feed plate is not shown, as calculation 
proves that any overflow sufficient above the feed plate, together with the 
feed itself, is more than the minimum overflow below the feed plate 

It must be kept in mind that every point on this curve is a minimum for 
that particular concentration The lowest point on this curve is therefore 
a minimum of minima The actual overflow in a column must be greater 
than the greatest value on this curve within the concentration limits 
between which rectification is being earned out 



620 


PRINCIPLES OF CHEMICAL ENGINEERING 


The corresponding diagram is plotted in Fig 154 Inspection shows 
that the enrichment line so nearly coincides with the equilibrium curve at 
the upper right-hand end that it is necessary greatly to enlarge this part 
of the diagram m order to secure precision This is done in Fig 155 



Fig 158 — Concentration Gradient in Ideal Bubble-Plate Column for Sepa- 
rating Ethanol from Water (Problem 3) 

Similar enlargement is necessary m the lower part of the diagram, as is 
shown in Fig 156 Even this enlargement is inadequate for the lowest 
plates m the column and a still further enlargement is shown m Fig 157. 
In the last two plots, for convemence, the scales of ordinates and abscissae 
differ 
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The requned number of perfect plates thus determined is 36, of which six 
aie below the feed 

The concentration gradients in the alcohol column aie shown m Fig 
158, and the S-shaped curve characteristic of rectifying operations is clearly 
apparent Figure 159 is an enlaigement of the lower part of Fig 158 



PLATE NUMBER 

Fig 159 — (Problem 3) 


Attention should be called to the difference in the equilibrium diagrams 
between this case and that of benzene-toluene The alcohol-water equilibr- 
ium curve approaches very closely to the 45-deg line in the neighborhood of 
the constant-boiling mixture, whereas the benzene-toluene curve intersects 
the diagonal at x-y — 1 at a very considerable angle This peculiarity in 
the alcohol-water diagram greatly lengthens the column and increases the 
necessary reflux ratio* 
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Figure 160 shows the mfluciiee, upon tlie nuinhci of peifcnt plates 
required m the column, of the amount of overflow, or, what is equivalent to 
the same thing, the heat consumption per unit amount of product It has 
already been pointed out that in this particular case an ovciflow of at least 
3 IS required and this would involve a column of infinite height, ^ e , the 
curve IS asympototic to an overflow of 3 An overflow of 4 requires 52 
plates An overflow of 6, however, reduces the plates to 30 An overflow 
of 20 requires 21 plates, and it is obvious that still larger overflows will save 
almost nothing in column construction Intelligent design requires an 
economic balance between the cost of the column and that of the heat 



Fig 160 — Relation between Ratio of Reflux to Vapor and Number of 
Perfect Plates (See also page 626 ) 


required to operate it, and such a balance can immediately he struck from 
this curve once the cost of plates and of steam is given (see p 626) 

Equations for Unequal Molal Overflow , — As explained on page 
603, the proof there given that the enrichment and exhausting 
lines are linear depended upon certain simplifying assumptions 
which it is now desirable to eliminate. It must, however, be 
kept in mind that Eqs (3), (3a), (4), and (4a) depend only on 
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continuity of operation and aie valid iirespective of any of the 
other assumptions made The first case to consider is that m 
which the molal heats of vaporization of the two components of 
the mixture are different, but the other assumptions still apply 
Calling the molal heats of vaporization of the two components vi 
and 7 2 respectively, the total latent heat of the vapor rising from 
the 7ith plate is given by the expression, 

Qn=Vn[ynri + (l-yn)r2] ( 6 ) 


Furthermore, neglecting change in temperature of liquid and 
vapor from plate to plate and heat losses through the walls of 
the column, this quantity Qr is constant at every section through 
the column above the feed plate Combining this with Eq (1), 
page 602, one obtains 


On-}-! ? 


Qn 




[ynri+{l-yn)ri] " ■ ■ ■ ■ 

Inspection of this expression shows that in this case the overflow, 
instead of being constant, is a function of i/n Insertion of any 
specific value of yn m Eq. (7) gives the corresponding value of 
the overflow Substitution of this value for On+L along with the 
corresponding value of yn m Eq (3), gives the value of Xn+h 
thereby determining a point on the enrichment curve By 
assuming various values of y^ one can thus determine any 
desired number of points on the enrichment curve Plotting 
these determines the enrichment curve, which is then used in 
design m exactly the same manner as the enrichment line for 
constant molal overflow ^ Below the feed plate, operating in 
an entirely analogous manner, one obtains the equation: 

Qm 


Om+1 — f 


+w 


( 8 ) 


'[ymri+{l-ym)r2] 

Substituting any particular value of ym in this equation, one 
obtains the value of Om-t-i to be substituted in Eq 4. The corre- 
sponding values of ym and Xm+i determine a point on the exhaust- 
ing or stripping curve. 

Where the change in temperature through the column is not 
negligible, but the pressure drop is small, the temperature at any 
point IS determined by the vapor composition (see the boilmg- 


1 It should be noted that the values of yn and Xn chosen need not corre- 
spond quantitatively to conditions at any specific plate; none the less they 
determine coordinates of the enrichment curve 
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point curve such as shown in Fig 145, p 590) If now, as in the 
preceding paragraph, one assumes a value of yn, the temperature 
of the vapor at the pomt in question is immediately determined, 
but the value of Qn is greater than the total latent heat content of 
the vapors leaving the top of the column by an amount sufficient 
to heat the overflow from its temperature at the top of the column 
to its temperature at the section m question This temperature 
of the overflow is unfortunately not determined until one knows 
the value of Xn+i One can get an approximate value of x„+i by 
neglecting this temperature correction and using the method of 
the precedmg paragraph, then determine the correspondmg tem- 
perature by the boiling point curve and repeat the process until 
the correct value of x„+i is obtamed by successive approximation 
Thus, one can compute any required number of points on the 
enrichment curve and similarly below the feed plate. 

Where pressure drop through the column and heat losses 
through the sides are appreciable, it is necessary to correct for 
these by simil ar methods This requires a knowledge of the 
number of plates above the section m question. It is usually 
sufficient to estimate these particular corrections by making a 
pre limin ary determination of the number of plates by assuming 
constant molal overflow and then applying these corrections 
to the temperature of the vapor and the heat quantity as 
determined by the bofling-point curve, uncorrected for pressure 
drop 

It is entirely practicable to compute the concentration changes 
from plate to plate down the column, one plate at a time, by the 
use of these equations Furthermore, where the total number 
of plates IS small, z e , where the concentration changes per plate 
are large, this stepwise method is the shortest way of solving the 
problem except for the case of constant molal overflow. Where 
the number of plates is large, however, the graphical method is 
shorter because one needs to determine only a relatively small 
number of pomts on the operatmg lines as contrasted with the 
large number of computations necessary by the algebraic step- 
wise method. Furthermore, the graphical method possesses the 
decided advantage of offenng an easy visualization of what is 
happening in the column which it is difficult or impossible to 
obtain by the algebraic method alone. 
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The above equations are derived on the assumption that the 
heat supplied to the bottom of the column is indirect Particu- 
larly in those cases where water is the high-boilmg component of 
the mixture, it is common practice to heat by blowing live steam 
into the still It is obvious that in such cases the equations 
representing the material balances must be modified accordingly 

Vapor Velocity. — In designing columns the vapor velocities 
must be kept within reasonable limits to avoid undue friction, 
i e , vapor passages must be adequate There must of course 
be sufficient pressure to overcome the liquid head on the plate 
and the friction through the vapor passages into the liquid This 
latter is given by the orifice equation/ u = c\/2ghy but the con- 
stant, c, of this equation is depressed by the presence of the liquid 
to a value of approximately 0 3 This excess pressure below the 
plate backs the liquid on the plate below up into the overflow 
pipe by a corresponding amount The net distance between 
plates must be sufficient to provide for this pressure, as other- 
wise the liquid in the column will back up into the condenser 

There should be at least 6 inches between plates to allow for 
spattering and splashing, and even with this allowance entrain- 
ment of liquid into the plate above may be considerable If the 
vapor velocity through the tower becomes too great this splashing 
will reach a point where the liquid is carried almost bodily into 
the plate above and from the top plate into the condenser This 
effect IS what limits the capacity of a column. It seems logical 
that this spattering should be determined by the vapor velocity 
where it enters the liquid, ^ e , by the volume of vapor per unit 
time per unit peripheral length of bell cap, but the inadequate 
data available indicate that it is determined rather by the supea- 
ficial vapor velocity over the whole cross-section of the column 
However, it is probably true, that if, owing to bubble caps of 
excessive size, there is a great deal of dead space m the column 
this allowable superficial velocity will be decreased In well- 
designed bubble cap columns, operating under atmospheric 
pressure, the superficial vapor velocities allowable without 
excessive entrainment are^ 1 to 1.3 ft. per sec With similar 

^ w = average velocity through, orifices in ft per sec , h = friction through 
orifice, expressed in ft of vapor, and gr=the acceleration due to gravity or 
32 2 ft per sec per sec 

2 W A Peters, Jr , J Ind Eng Ghem , 14, 476 (1922) 
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columns operated under high vacuum this figure rises to 4 to 
5 ft per second, and the same figures have been found for vacuum 
columns using baffle type fillings with no bubble caps Per- 
forated plates apparently allow higher vapor velocities, rising to 
3 ft per sec This maximum allowable vapor velocity is to some 
degree dependent on the liquid mixture under treatment. 

While the allowable Imear velocity under a vacuum may be 
three to five times that at atmospheric pressure, the vapor densi- 
ties at the pressures encountered under vacuum are less than 
one-tenth those at atmospheric pressure, hence the allowable mass 
velocity (p 149) increases with pressure. Therefore, the 
capacity of a column of given diameter may be increased by 
operating under a pressure above atmospheric As shown on 
pages 589 to 592, vapor composition does not change very rapidly 
with change in pressure It follows that the operation of a 
rectifymg column under pressure is advantageous because capac- 
ity IS increased with little sacrifice of separation This principle 
has for many years been successfully practiced in the separation 
of ammoma and water in absorption refrigeration machmes 

It should be remembered that if the amount of reflux for a 
given product be increased in order that the number of plates in 
the column may be decreased, as suggested on page 622, two 
disadvantages are at the same time introduced First, the heat 
consumption of the operation is proportionally increased, and 
second, the cross-section of the column must be enlarged to 
accommodate the greater volume of vapor which must rise 
through it 

It IS important to provide adequate overflow pipes for the 
reflux, especially in those cases where the vapor quantity is 
small compared with the overflow, as in alcohol columns below 
the feed plate and the like The capacity of these pipes is 
limi ted by the amount of hquid which can enter them, since this 
flows m under low head The upper edge of the pipe acts as a 
weir, and the flow can be calculated by the Francis weir equation . 

7=3 

where V = Cu. ft per sec discharged by each overflow pipe, 

L = Perimeter of overflow pipe, m ft , and 
ff=Head on overflow pipe in ft , or maximum depth of 
hquid above edge of overflow pipe. 



DISTILLATION 


627 


Since perimeter is the essential thing, rectangular oi oval 
shapes are preferred, the width being approximately three times 
the height of the liquid above the upper edge 

There is in practice a certain amount of variation in the best 
depth of liquid on the plate A depth of 6 inches has been em- 
ployed but it seems better to restrict this depth to from 1 to 3 
inches When a bubble rises through the liquid the outside of 
the bubble soon comes to equilibrium, but the interior is pro- 
tected by this saturated vapor film on the surface, and further 
interaction is slow The bubble should therefore be broken up 
and reformed m order to mix the vapors, ^ e , the bubble should 
pass to the next plate 

Interdependence of Allowable Gas and Liquor Velocities — 
Figure 161 shows a plot of liquor velocity versus allowable gas 
velocity, the latter being the velocity at which entrainment of 
liquid by vapor became marked These results are based on the 
data of Peters,^ obtained in packed towers operated at atmos- 
pheric pressure Curve I of Fig 161 shows results on water in a 
tower packed with J-in hollow cylinders As the liquor velocity 
down the column is increased, it is seen that the allowable gas 
velocity IS reduced According to these results, for this particular 
packing the maximum allowable liquor velocity is about 51 lb 
per minute per square foot of total cross-section The single 
point marked V was determined with the same packing but using 
alcohol in place of water Due to the low liquor rate the allow- 
able gas velocity is much higher It will be seen that this point 
ties in well with the data of Curve I, probably because the allow- 
able gas velocities were plotted as mass velocities rather than 
linear velocities 

Curve 11 shows the data for |-in hollow cylinders, the curve 
being similar in shape to that of Curve I At a given gas veloc- 
ity, however, more liquor will flow down through the J-in 
packing due to its larger size, and conversely for a given liquor 
velocity the allowable gas velocity is greater Curve III shows 
results for f-m copper nails and the curve is similar to Curve II 
The one point for f-in shot (IV) shows a low allowable velocity, 
as would be expected with the smaller free space Data of this 
sort are most helpful m design, unfortunately, complete data are 
not available for the many types of tower fillings used commercially 

1 W. A. Petebs, Je , Log ciU 
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Free Energy of Separation of Liquid Mixtures 

The minimum work required to separate one mol ol a mixture into its two 
volatile components under reversible, isothermal conditions is 

W=RT^ln^+{\ -v)ln^ 

where R is the gas constant, T is the absolute temperature, and x is the mol- 



G-LBS OF GAS OR VAPORTER MINUTE PER SQ FT OF GROUND AREA 
Fig 161 — Allowable Velocities of Gas and Liquid m Packed Column for 


Rectification in Packed Column at Atmospheric Pressure 

fraction of the first component and 1 — r of the second, p is the partial pres- 
sure of the first component in the mixture and P that ot the same component 
m the pure state, while p' ana P' apply similarly to the second component 
This relation is not dependent upon Raoult’s law but does assume that the 
vapors obey the gas laws For mixtures which follow RaoulPs law it sim- 
plifies to 

W = —RT[xlneX-l-(l ~x)lne(l —a;)] 

At any definite temperature this expression is independent of the pressures 
of the pure components, i e , the energy theoretically required to separate such 
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a mixture into its components is independent of their boiling points On the 
othei hand, this reversible work is seen to be proportional to the absolute 
temperature at which the separation is Gained out The minimum work of 
separation at 70^ F of an equi-molal mixture which follows Raoult’s law is 
730 B t u Since in such a mixture the heat of vaporization of the low- 
boiling component alone is approximately 5200 B t u , it follows that 
distillation as ordinarily carried out is an extremely inefficient process 
To secuie high energy efficiency the heat employed should be (so far as 
possible) re-utilized, as is done for example in multiple effect evaporation 
Furtheimore, since separation by distillation is more difficult as the boiling 
points appioach each other, one concludes that methods other than direct^ 
distillation should, if possible, be employed for separating mixtures, the 
components of which boil close together, z e , distillation is not a reversible 
process 

1 Thus methyl alcohol and acetone not only have boiling points which 
differ by less than nine degrees but form a constant boiling mixture Their 
separation may, however, be effected by addition of some material very 
soluble m one but not m the other Such a material will obviously lower 
the vapor pressure of the fiist but not the second Caustic soda or potassium 
carbonate may be employed but tend to polymerize the acetone Sodium 
thiosulphate is almost equally effective and does not have this disadvantage 
If this substance be admitted into the top of a rectifying column, the 
methyl alcohol is effectively washed down the column while the acetone 
distills over The thiosulphate is most conveniently added as a saturated 
aqueous solution and the methyl alcohol later freed from it by distillation 
In problems of distillation modifications of this sort may be employed 
advantageously 
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GENERAL PRINCIPLES OF DIFFUSIONAL PROCESSES 

PART I. CLASSIFICATION OF PROCESSES 

When one faces the problem of separating a fluid mixture, 
gaseous or liquid, into its components, a number of methods of 
treatment are available (see pp 334 to 335). For miscible 
liquids, distillation (see Chap XVII) is usually but by no means 
always the best The same method is applicable to mixed gases 
Thus, m the manufacture of oxygen and nitrogen from air, one can 
liquify the whole mixture by compression coupled with refrigera- 
tion and separate the components by rectification ^ If one of the 
components of a gas has a high condensing temperature relative 
to the others, it is possible to condense it quite completely by 
compression and cooling or by refrigeration, or by combmation 
of the two The segregation of the components of gaseous mix- 
tures by centrifugal action has been suggested, and selective 
diffusion through membranes has been employed. Frequently, 
one or more of the components can be removed by selective solu- 
bility m a suitable solvent or by combmation, chemical or 
otherwise, with solid reagents Of all these, however, the most 
important are selective absorption in liquids and adsorption 
on solids ^ 

^ For illustrative problems, see pp 735-736 

2 When a substance is taken up by a solid from a fluid (gas or liquid) 
^selectively, ^ e , when at equilibrium it is possible to build up on the solid 
relatively high concentrations of the material at relatively low concen- 
trations of it m the fluid phase, the phenomenon is ordinarily called adsorp- 
(see p 643). The term will be used consistently in this sense in the 
following chapters, independently of any mterpretation as to the mechanism 
involved Similar concentration relationships are sometimes found when a 
^ns IS dissolved by a liquid, as in the case of CO 2 m carbonate solutions (see 
649), where, however, it is generally agreed that the mechanism is one of 
‘4uid solution Furthermore, m the absorption of gases by solids, the con- 
^ J'ntration in the solid is sometimes proportional to the partial pressure of 
^ gas, as, for example, in the absorption of venous gases in rubber The 
solution IS ordinarily used in such cases, but it is not certain that the 

630 
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All these processes last referred to involve the separation 
of mixtures of materials into their components by the intro- 
duction of a third material which will combine with one of 
the components preferentially to the other Since in general 
the purpose of the operation is the recovery of the pure com- 
ponents, the material introduced should be readily separable 
from the component which it removes from the mixture The 
cases falling under this classification are numerous and exceed- 
ingly diversified in detailed characteristics, but, because in all 
such separations both the underlying principles and the general 
methods of applying them are the same, these cases will be 
grouped together 

The mixture to be separated may be either solid, liquid or gas, 
and the same is true of the material added to effect separation 
Corresponding to these cases there would therefore be the follow- 
ing nine possible combinations 


Case 

Character of mixture 
under going treatment 

Character of treating 
agent 

1 

Gas 

Gas 

2 

Gas 

Liquid 

3 

Gas 

Solid 

4 

Liquid 

Gas 

5 

Liquid 

Liquid 

6 

Liquid 

Solid 

7 

Solid 

Gas 

8 

Solid 

Liquid 

9 

Solid 

Solid 


1. Treatment of Gas by Gas. — Since the phenomena under 
consideration involve treatment of a mixture by an agent immis- 
cible with one of its components and since, in the absence of 
chemical combination or unusual affinity, all gases are miscible 
in all proportions, it follows that this particular case is never 
encountered 

2. Treatment of Gases by Liquid (Gas Washing or Scrub- 
bing). — One of the best methods of separating the components of 
mixtures of gases or vapors is by means of selective absorption in 

mechanism is fundamentally different from that of adsorption The term 
absorption will be used m a general sense and adsorption reserved for the 
special conditions indicated above 
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liquid solvents Thus, while the solubility of coal gas in watei is 
very small, the solubility of ammonia in water is great Conse- 
quently, if one treat coal gas with a relatively small amount of 
water, it is possible to remove fiom it by solution m the latter 
practically all of the ammonia originally in the gas Further- 
more, the ammonia can then be readily separated from the 
water by distillation Similarly, vapors of benzene, toluene and 
xylene in coal gas can be dissolved in various absoibent oils, 
gasoline can be removed from natural gas by these same solvents, 
sulphur dioxide can be recovered from smelter gases by water, 
carbon dioxide from flue gases by aqueous solutions of alkali 
carbonates, water vapor from air by sulphuric acid, and the like 
In the last illustration the purpose is to free the air from water 
lather than to recover the water, whereas in most cases it is 
essential to recover the component dissolved This difference in 
purpose, however, in no wise affects the character of the absorbing 
opeiation itself, although m general it will influence the method 
of treatment of the absorbent before re-use 

3. Treatment of Gases by Solids. — It has long been known 
that many solids show selective adsorption for specific gases and 
vapors Thus, the adsorptive capacity of palladium for hydro- 
gen IS so high that this metal may be employed for the quantita- 
tive absorption of hydrogen from mixtures with other gases 
Similarly, the adsorptive capacity of special charcoals for gases 
has long been known During the war charcoal and other solid 
adsorbents were employed in gas masks for the removal of the 
poison gases employed in chemical warfare Thus, a fraction of 
a liter of activated charcoal in a gas mask canister was found 
capable of reducing the mustard-gas concentration of air, inhaled 
at a rate as high as 60 liters per minute, to below one part m 
100,000,000 Largely as a result of improvements during the 
war in the manufacture of activated charcoal, silica gel, and other 
highly active adsorbents, the use of these materials for adsorption 
of gases is being widely introduced in industrial plants A num- 
ber of plants for the recovery of gasoline from natural gas by 
charcoal are already in operation in this country 

4. Treatment of Liquid by Gas or Vapor (Steam Distillation 
and Stripping). — The benzene dissolved in absorbent oil in the 
recovery of light oil from coal gas, referred to under Par 2, is 
removed from the relatively non-volatile absoibent by heating, 
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to mciease the volatility of the benzene, and by blowing through 
steam to sweep out the benzene vapor This operation is ordi- 
narily described as oil stripping or denuding In principle it is 
absolutely analogous to the steam distillation of a volatile com- 
ponent from a non-volatile liquid already treated on pages 565 
to 569, and on pages 595 to 598 

5. Treatment of Liquid by Liquid. — It is sometimes advanta- 
geous to remove organic compounds from aqueous solutions by 
extraction with suitable organic solvents, such as ether, benzene, 
naphtha, and the like, in which they are more soluble than in 
water This makes it possible to separate them from other 
substances which may accompany them in the water solution 
but which are not soluble in the solvents employed Thus, 
the standard method for the analytical determination of unsaponi- 
fiable oils and waxes in admixture with fatty material is to sub- 
mit the mixture to vigorous saponification with alcoholic potash 
or, if necessary, sodium ethylate, and to dilute the product with 
water and extract with petroleum ether The soaps remain in 
the aqueous solution while the unsaponifiable oils and waxes 
dissolve m the ether ^ It is sometimes advantageous to modify 
the relative solubilities by adding a material soluble in one liquid 
but not the other, thus the addition of salt to an aqueous solution 
prior to extraction with ether improves the separation 

Liquid SO 2 IS employed to separate aromatic and highly unsatu- 
lated hydrocarbons from solution in liquid paratfins and naph- 
thenes (Edeleanu process), taking advantage of the much greater 
solubility of the aromatics and unsaturateds in SO 2 Processes 
of this sort have not in the past been employed on an industrial 
scale to the extent which their promise seems to justify It is 
likely that, as the manipulative technique required is developed, 
their utilization will become far more frequent. 

6. Treatment of Liquids by Solids (Percolation or Adsorption 
Filtration). — ^Liquids contaminated with organic coloring matters 
of complex structure and high molecular weight can often be 

^ Since the soaps are not entirely insoluble in the ether nor the unsaponi- 
fiable material m the aqueous solution, it is necessary to extract the aqueous 
layer repeatedly with ether and to wash the ether solutions with water, these 
washings being added to the mam aqueous solution The unsaponifiable 
material is recovered by evaporation of the ether from the combined ethereal 
extracts. 
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freed best from these impurities by treatment with suitable solid 
adsorbents such as bone char, activated charcoal, fuller^s earth, 
and the like Such treatment is used for the decolorization of 
sugar syrups, animal, vegetable and mineral oils, etc It is often 
advantageous to allow the liquor to percolate through the rela- 
tively coarse, granulated solid The color is usually taken up by 
the solids by the mechanism of adsorption (see pp 643-649) 

7. Treatment of Solids by Gases.— When gasoline or similar 
materials have been adsorbed on charcoal, as described under 
Treatment of Gases by Solids, the gasoline must be removed from 
the charcoal so as to recover it and make it possible to employ 
the adsorbent over again This may be accomplished by sweep- 
ing over the charcoal a current of superheated steam which picks 
up the gasoline and carries it out to a condenser where both gaso- 
line and steam are liquified and separated by decantation 

8. Treatment of Solids by Liquids (Lixiviation, Leaching, and 
Extraction). — Black ash consists essentially of a mixture of 
sodium carbonate and other water-soluble compounds, with 
insoluble constituents, caliche, of sodium nitrate mixed with 
insolubles; tanbark, of soluble tannic acid adsorbed on the 
fibers of the bark. All these materials can be recovered by solu- 
tion in water, though the processes differ because in the first 
cases the materials dissolved are very soluble, while in the last 
they are quite firmly held by the insoluble residue Also, wool 
grease is removed from wool and vegetable oils from press cake, 
by solution in naphtha or other suitable organic solvents, etc 
These processes are called extraction, but in principle do not 
differ from those already enumerated (see pp 715 and 721). 

9. Treatment of Solids by Solids. — The transference of a 
material from one solid to another is so slow and the separation 
of mixed solids so difficult that this case does not arise in practice 

PART II. FACTORS CONTROLLING OPERATION 

Equilibrium. — Whenever a substance distributes itself between 
two materials, a distribution equilibrium always tends to be 
set up. Thus, if SO 2 gas, whether or not mixed with inert gas, 
be brought mto contact with water at 20° C , the SO 2 will con- 
tinue to dissolve m the water until its concentration m the water 
IS sixty times that in the gaseous phase This condition repre- 
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isents equilibrium, and no further solution of the gas will occur 
unless this equilibrium be disturbed If water containing 
dissolved SO 2 be bi ought in contact with gas containing less than 
one-sixtieth as much SO 2 per unit volume as the water, SO 2 will 
escape from the water and pass into the gas until the ratio of the 
concentrations m the two phases has reached the equilibrium 
value given above 

If one wish to remove SO 2 from a gaseous mixture by water, 
it is obvious that this equilibrium sets an absolute lower limit on 
the amount of water necessary to employ for complete removal 
Equilibrium is therefore a vital factor in controlling the operation 
of absorption systems In the case cited above, the equilibrium 
IS extremely simple in character, but frequently the relationships 
are complicated Specific cases of importance will be dis- 
cussed on pages 637 to 643 

Rate of Reaction. — The transference of a substance from one 
body to another obviously requires time Other things equal, 
the rate of transfer will be proportional to the surface of contact 
between the phases and consequently, to secure rapid interaction, 
the interfacial surface should be made as large as possible 
Furthermore, transference in general requires diffusion through 
the surface films at the interface (see Chap XIX) This diffu- 
sion will be proportional to the concentration gradient, and 
consequently the rate of transfer will be greater the greater the 
distance from equilibrium Factors, such as agitation, which 
decrease the thickness of surface films will tend to increase diffu- 
sion rate and, similarly, factors which increase specific rate of 
diffusion, such as rise m temperature of a liquid, will also be 
helpful, though the latter will frequently throw equilibrium the 
wrong way to an extent more than compensating for increased 
diffusion rate Reaction rate is no less important an influence 
in operation than equilibrium itself 

Counter-current Action. — Since the transfer of a substance 
from one material to another cannot possibly go beyond equilib- 
rium and since, in general, low concentration of the substance 
in one material corresponds at equilibrium to low concentration 
in the other, it follows that a single treatment of the original 
material cannot remove any large fraction of the substance to be 
transferred unless one employ a relatively large amount of treat- 
ing agent or the treating agent have a great affinity for the 



636 


PRINCIPLES OF CHEMICAL ENGINEERING 


substance absorbed The disadvantages of employing exces- 
sive amounts of treating material are obvious, and where the 
affinity of the treating material for the substance absorbed is 
great, the difficulty of removing it later is also serious One can, 
therefore, lay down the rule that a single treatment is usually 
impractical and unsatisfactory However, if one will treat the 
original material with treating agent which has been previously 
employed and which, therefore, is already partially saturated 
with the substance to be transferred, it becomes possible, due to 
the high concentration in the oiigmal material to be treated, to 
laise the saturation of the treating agent to a point at least 
approaching equilibrium At the same time it becomes practi- 
cable finally to reduce to a very low point the concentration m the 
original material by treating it ultimately, after a number of 
intermediate steps, with fresh treating agent in which the con- 
centration of the substance to be recovered is negligible This 
systematic, stepwise interaction of two materials is described as 
counter-current treatment (see pp 637 to 677). Counter- 
current action IS capable of varied applications (see pp 173 and 
231), but for diffusional processes its use in some form is almost 
always essential 

Temperature Control. — There is frequently a marked tem- 
perature effect accompanying the transfer of material from one 
phase to another Thus, in the absorption of a vapor from 
a gas by a liquid, the latent heat of condensation of the vapor is 
set free, and this heat raises the temperature of both the liquid 
and the gas Since, in geneial, rise in temperature decreases the 
solubility of the gas or vapor in the liquid, the equilibrium and 
therefore also the absorption rate are both adversely affected 
Where the concentrations of the substance transferred are small, 
the heat capacity of the other materials present is usually so 
great that the temperature rise is not serious, but where concen- 
trations are high, this factor may be very important It must 
never be forgotten and, where necessary, means must be provided 
to control the temperature 

Recovery of Treating Agent. — Occasionally the treating agent 
IS either air or water and the material absorbed thereby is to be 
discarded, but ordinarily the treating agent must be freed from 
the material which it has taken up and used over again It is 
therefore essential to choose the treating agent not only from the 
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point of view of its effectiveness for the original absorption but 
also from the standpoint of ease of separation and recovery 
Furthermore, in order to make the original treatment as com- 
plete as possible, it is necessary to remove the absorbed material 
from the treating agent very completely before re-use It is 
obvious that the larger the amount of treating agent employed, 
the greater the expense of purifying it. Consequently, from this 
point of view, it is desirable to keep the amount of treating agent 
low and the concentration of absorbed material in it high, a result 
attainable only by effective counter-current action Reduction 
of the amount of treating agent, while it reduces the cost of its 
purification, tends to decrease the completeness of recovery from 
the material treated and, by reducing the rate of absorption, to 
inciease the cost of treating There is, therefore, an economi- 
cally optimum ratio of treating agent to material treated, the value 
of which will depend on the cost factors governing each individual 
case 


PART III. EQUILIBRIA 

Introduction, — If, in any stngle phase of matter, there exist at 
different points differences of concentration of any compound m 
it, that component tends to diffuse from a point of high to a point 
of low concentration With diffusion through gases and liquids 
all are familiar, but diffusion also takes place through solids. 
Thus gold diffuses through solid lead and hydrogen through 
palladium The diffusion of carbon through iron at temperatures 
hundreds of degrees below the melting point is exploited in both 
malleabihzation and case hardening The last is diffusion 
through a multiphase solid, but the first two are probably single 
phase Fick^s law states that the rate of diffusion is proportional 
to the concentration gradient at the point in question and is of 
course proportional to the area of cross-section through which 
diffusion IS taking place Diffusion is therefore analogous to 
conduction of heat (see pp 118-187 and 441-480) 

On the other hand, at the interface between phases, diffusion 
or net transfer of material from one phase to the other, does not 
of necessity result from a concentration difference between the 
phases but depends on the equilibrium relationships between 
them Thus, while the concentration of water molecules m 
liquid water is far higher than in steam, the two phases can still 



038 


PRINCIPLES OF CHEMICAL ENGINEERING 


be in equilibrium or, if the steam be at a somewhat higher pres- 
sure it will condense into the water, i.e , water molecules will pass 
from a point of low concentration (the steam) to one far higher 
(the liquid water) Similarly, if air at 0° C contain hydrochloric 
acid gas in a concentration of only 0 001 mg per cubic centi- 
meter and this air be brought into contact with water, the HCl 
will continue to dissolve in the water phase until it has built up a 



concentration of over 15 per cent, i,e , 170 mg per cubic centi- 
meter, a concentration 170,000 fold that m the air from which 
the acid came. Only in case the HCl concentration in the water 
be greater than this will HCl pass from the water into the gas 
There is, therefore, in general, even at equilibrium, a sudden 
concentration break at the interface It is obvious that these 
equilibria between phases are of controlling significance in 
processes of absorption, extraction, and the like. 
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The technique of the determination of interpliase equilibiia ib, exceed- 
ingly important and data should never be accepted without reservation 
unless obtained by one skilled in the art One of the essential things is to 
approach equilibrium from both sides, to make sure that one is not dealing 
with false equilibria or other complicating phenomena Furthermore, this 
frequently saves time, because one can quickly enough come to so short a 
distance from the true equilibrium on the opposite sides, that taking the 
mean of the two approximate values thus obtained gives the desired result 
with a precision in many cases sufficient Figuie 162 shows the approach to 
equilibrium from both sides^ for the drying of oak-tanned sole leather, 
ground to reduce the time required in reaching substantially constant 
weight 

In discussing the various important types of equilibria, the 
following classification has been adopted 

1 Linear distribution 
a Gases and Liquids 
b Liquids and Liquids 
c Special cases 

2. Adsorption 

a Solids and Gases. 
b Solids and Liquids 
c. Gases and Liquids 

3. Complete chemical combination. 

4. Incomplete chemical combination 

1 Linear Distribution 

Gases and Liquids. — There are certain important cases in 
which at equilibrium, the concentration of the common compo- 
nent in one phase is proportional to that in the other The most 
familiar case is that of the solubility of gases which follow Henry’s 
Law, i e., in which the concentration of the gas dissolved in the 
liquid IS proportional to the partial pressure of that gas in the 
gaseous phase above the liquid Since the concentration of a 
gas in a mixture of gases is proportional to its partial pressure, 
the above is equivalent to saying that the concentration of gas 
dissolved in the liquid is proportional to the concentration of 
that gas in the gaseous phase in equilibrium with the liquid 
(see p. 584). 

1 A C Phelps, Undergraduate Thesis, Chemical Engineering, MIT, 
1924. 
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Figure 163 shows the solubility^ of a number of iinpoitant 
gases as a function of the temperature It will be noted that rise 
in temperature decreases the solubility It is important to 
remember that the solubility is proportional to the partial 



pressure of the gas and not to the total pressure above the liquid. 
Thus, the solubility of oxygen in water at 100° C is 0 017 volume 
per unit volume of water, provided the partial pressure of the 

^ Bohr and Bock, Wied Ann , 44 (1891), 318. 
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oxygen be 1 atmosphere If, however, the total pressure be 1 
atmosphere at this temperature, this must consist entirely of 
water vapor ^ and the solubility of oxygen in the water under 
these conditions is zero To dissolve the amount of oxygen 
quoted above at this temperature, the total pressure must be 
2 atmospheres, the partial pressure of the water and of the oxygen 
each being 1 atmosphere In other words, the solubility of 
gases in liquids at the boiling points of the latter are zero, a 
fact made use of in the deaeration of liquids Modification of 
the foim m which the concentration in the liquid is expressed 
will sometimes bioaden the range over which Plenry^s law holds, 
acetylene dissolved in acetone is a case in point 

Since Raoult’s law (see p 582) may be written in the form 
p=Px, it IS obvious that it may be looked upon as a special case 
of linear distribution between the gaseous and liquid phase. 

Illustration 1 — Flue gases, containing 1 per cent benzene vapor by 
volume, are to be washed with a mineral oil containing 0 5 per cent benzene 
by weight Calculate the maximum percentage of the original benzene 
that could bo absorbed 

(a) if the absorption were carried out at 20® C , and 

(b) at 30® C, 

Notes — The vapor pressures of pure benzene (Fig 7, p 17) are 75 mm 
of mercury at 20® C and 120 mm of mercury at 30® C The molecular 
weight of benzene is 78 0 Over the range of concentrations and temper- 
atures involved, Raoult’s law may be applied to the partial pressure of the 
benzene by taking the average molecular w^eight of this mineral oil as 230 
Assume that the barometer is 760 mm of mercury 

Solution, — Since it is desired to reduce the benzene concentration of the 
flue gas to the minimum value, the exhausted gas must be m contact with the 
leanest oil In other words, one must employ the counter-current principle 
(p 635) To obtain the maximum recovery, the absorber must be infinitely 
tall, so that the benzene concentration m the spent gases will be in equilib- 
rium with the leanest oil at the top of the tower Under these conditions, 
at 20® C , the partial pressure of benzene in the exit gases will equal 
0 ^ 

78 

75^r--p — = f ^5 mm of mercury 

u o , yy o 

"' 78~'^‘230 

Hence, at 20® C , the best that one can do will be to reduce the benzene from 
a pressure of 7 6 to 1 10 mm To calculate the percentage of the original 
benzene, absorbed by the oil, take a basis or 1 mol of inert or benzene-free 
gas 

1 Since the depressing effect of the dissolved oxygen on the vapor pressure 
of the water is negligible 
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7 6 ^0 

Then 100 ^^° = 85 6 per cent recovery 

/ o 

Similarly, at 30° C , the maximum percentage recoverable is found to be 
77 2, emphasizing the importance of low temperature as regards maxi- 
mum per cent recovery (see, however, page 659) 

Figure 164 shows the effect, on the per cent recovery, of changing the 
temperature of the treating agent 

Liquids and Liquids. — Similarly, the distribution of a solute 
between two immiscible liquids is frequently linear, ^ e., at 



equilibrium the concentration of the solute in liquid A is propor- 
tional to its concentration in liquid B 

These two simple distribution laws are usually but not always 
valid at low concentrations Thus, Henryks law almost always 
applies for sparingly soluble gases, because in such case it is 
obvious that the concentration of gas in the liquid phase cannot 
possibly be high. It likewise frequently applies to very soluble 
gases so long as the concentration in the liquid phase is low or, 
what IS equivalent to the same thing, the partial pressure in 
the gaseous phase is very low Similarly, the distribution of a 
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solute between two liquids of limited miscibility is usually linear 
so long as the concentration in the two phases is small When- 
ever the concentration in a liquid phase becomes high, deviations 
from proportionality almost always begin to develop 

Special Cases — Many solids are porous and, when impregnated with 
solutions, hold these solutions within their voids In order to remove the 
solute from such a solid, it may be necessary to allow the solute to diffuse 
from the voids within the solid out into a less concentrated, external sur- 
loundmg solution, thus to be washed away The amount of solute held by 
such solids IS obviously proportional to the concentration of the solution 
in the internal voids Since such an internal solution will obviously be in 
equilibrium with an external solution, outside the solid, of equal concen- 
tration, it follows that the concentration of solute within the solid, expressed 
as a relation between the amounts of solute and solid is proportional to that 
of the external solution with which it is in equilibrium Such cases are 
illustrated by leather, wood pulp, fabrics, etc , saturated with solutions of 
non-adsorbed materials 

One can have within the internal voids solutes present as solids in excess 
of that m solution within those voids In such cases the mass will be in 
equilibrium with a saturated external solution of the solute at all concen- 
trations of the solute within the solid, above that corresponding to a satu- 
rated solution just sufficient to fill the internal voids 


2 Adsoeption 

Solids and Gases. — Certain solids and gases combine to form 
compounds that may be loose or very stable, but which differ 
from compounds such as calcium carbonate, formed by interaction 
of calcium oxide and CO 2 , in that first, the combination does 
not take place in constant stoichiometric proportions and second, 
the decomposition pressure is not independent of the amount of 
gas combined with the solid provided excess solid be present, but 
vanes progressively with the gas quantity held by the sohd 
The data of a characteristic adsorption reaction, namely, that of 
CO 2 gas^ on activated charcoal, are shown in Fig 165 

It will be noted that, at very low partial pressures of the CO 2 , 
relatively large quantities of the gas are held on the solid As the 
partial pressure of the gas is increased, the amount held on the 
sohd at equilibrium also increases, but at a much less rapid rate 
than would correspond to linear distribution Finally a point 
IS reached at which a relatively large increase in partial pressure 

^ Lowhy and Hulbtt, Jour Am Chem Soc , 42 (1920), 1393 
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of the gas is required to force a given increase of gas on the solid 
Figure 165 shows also the data for the adsorption of benzene 
vapor on charcoal ^ 

A similar curve for a more loosely held gas, nitrogen,^ is 
also shown in Fig 165 While the general shape of the curve 



Fig 165 — Adsorption Equilibria for Gases on Charcoal (Rectangular 

Co-ordinates) 

is the same, the difference lies in the fact that much less gas is 
held by the solid at low partial pressure of the gas 

Mechanism — The exact mechanism of adsorption is still a 
matter of dispute It seems certain that in some cases adsorp- 

1 Berl and Andrews, Zeit fur angew Chem , 34 (1921), 381 

2 Lowry and Hulett, loc czt 
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tion IS due to chemical combination of the gas with the fiee 
valences of atoms on the suiface of the solid. In other cases the 
evidence indicates that adsorption is due to liquefaction of the 
gas and its retention by capillaiy action in the exceedingly fine 
pores of the adsorbing solid. In some cases the two phenomena 
are probably supei imposed Often one encounters curves of the 
type shown in Fig 109 (p 489) for water adsorbed on cotton, 
in which at low pressures one gets a characteristic adsorption 
relationship, the watei held flattening out to an approximately 
asymptotic value, followed later by a further rise in adsorption 
at high partial pressures of the adsorbed gas It has been sur- 
mised that the first part of the diagram may represent chemical 
adsorption and the latter, capillary effects, or it may be that the 
first part repiesents liquid held in exceedingly fine capillaries 
and the latter, the influence of capillaries an order of magnitude 
laigei in size 

Fremidhch Equation — Whatever the mechanism, the equilib- 
rium between a gas or vapor and an adsorbing solid is generally 
exponential in chaiacter over certain ranges in concentration 
This relation is expressed by the Freundlich equation, 

where x is the amount of the gas adsorbed per unit quantity of 
adsoibing solid, and p is the partial pressure of the gas m equilib- 
rium with the solid, a and n are constants x and p may be 
expressed in any convenient units The numerical values of a 
depend on these units and of both a and n on the specific nature 
of both gas and adsorbent In true adsorption, n is always 
greater than unity ^ The more firmly the gas is adsoibed, the 
greater is the numerical value of n The quantity a is propor- 
tional to the active surface of the adsorbing solid While it has 
been claimed that this equation has theoretical basis, it is probably 
safer to regard it as empirical m character The data demon- 
strate that it IS not exact, but as an interpolation formula over 
very wide ranges it is extremely valuable Numerical illustra- 
tions of this equation will be found m pages 718 and 720. From 

1 If ^ Qj ;^0 ig dealing with a phenomenon of solution which follows 

Henry’s law and which is not classified as adsorption. The solubility of 
CO 2 in solid rubber is a case in point See Venable and Fxjwa, J Ind Eng 
Chem , 14 (1922), page 139. If n is less than unity, the phenomenon is some- 
times called negative adsorption, but is of minor technical importance 
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the form of the equation it is obvious that if one plot, on logaiith- 
mic paper the partial pressures of the gas as oidinatos against 
the equilibrium concentrations on the adsorbing solid as abscissae, 
the equation demands that the data fall on a straight line, the 
slope of which is equal to the exponent n (see Fig 166) This 
offers a ready means of testing the applicability of the Freundlich 
equation to any given set of data 



Fig 166 — Adsorption Equilibria for Gases on Charcoal (Logarithmic 

Co-ordinates) 


While adsorptive phenomena are to no small degree specific 
in character, it is none the less possible to lay down the general 
rule that the higher the molecular weight and the lower the 
volatility of any gas, the greater its tendency to adsorb on any 
solid So marked is the influence of volatility, ^ e , the vapor 
piessure of the liquefied gas m the pure state, that it is often 
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better to express the concentration of the adsorbed gas, not as its 
partial pressure in the gaseous phase, but as the ratio of its 
partial pressure to that of its saturation pressure ^ Expressed 
in this way it is found that the influence of temperature on the 
equilibrium is relatively slight ^ The adsorption equilibria of 
watei on textile fibers at various temperatures are plotted in Fig 
109 (p 489) As vapor saturation is approached, the Freund- 
hch equation always breaks down 

Selective Adsorption — So important is the effect of volatility 
that it IS frequently possible for a gas of low volatility to displace 
one of high Thus, if activated charcoal be brought in contact 
with natural gas, it adsorbs a certain amount of all the hydro- 
carbons of the gas On the other hand, per unit partial pressure 
the high boiling constituents of the gas are adsorbed selectively, 
that IS, far more completely than the low boiling Furthermore, 
if this same charcoal be treated with additional gas, the high 
boiling components of this second quantity of gas will adsorb on 
the chaicoal and in older to do so will to a large degree displace 
the low boiling constituents already adsorbed In this way a 
charcoal which has picked up from a gas iclatively large quanti- 
ties of methane, ethane, and propane will, when treated with 
further gas, adsorb pentane, hexane, and higher hydrocarbons 
by displacing the lower boiling ones already picked up This 
IS the reason for the fact that by the intelligent use of activated 
charcoal in recovering gasoline from natural gas it is possible to 
produce a product lelatively free from gases of low molecular 
weight 

Importance of Smface — The concentration of adsorbed gas 
or vapor per unit area of adsorbing solid is exceedingly low, t e , 

^In the cabe of water this ratio is of course the ordinary relative 
humidity (see p 441) The term relative humidity is not infrequently applied 
to the concentration of vapors other than water when expressed in the 
same way 

2 In certain cases, as in the adsorption of SO 2 by silica gel, equilibrium 
data at various temperatures may be correlated by the Freundlich equation 
modified as follows 

x=a{rsf-^‘^j 

where r is the relative humidity as previously defined, and s is the surface 
tension Expressing x as cubic centimeters of liquid SO 2 per grams of gel, 
McGavack and Patrick, J Am Chem Soc , 42 (1920), 946, found n to be 
2 24 between —80° C and +100° C. 
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the adsorbed film is very, very thin. Therefore, m order to 
adsorb large quantities of gas it is essential to have an enormous 
amount of adsorbing surface This might be secured by having 
the adsorbing agent finely subdivided. Because of the diffi- 
culties of handling powders, however, it is preferable that the 
adsorbing agent consist of a spongy, porous mateiial, agglom- 
erated into granules so that each individual lump is relatively 
large but, because of its porous structure, the total surface is 
enormously greater than could be realized with a dense solid of 



Fig 167 — Equilibrium Distribution of Water between Air and H 2 SO 4 
(See also Fig 172, page 678 ) 

the same grain size. Thus the apparent density of the individual 
granules (best called gram density) of well-activated charcoal is 
about 0 83,^ while that of the carbon itself is 1 89. Thus the 
granule itself contains 56 per cent capillary voids 

Solids and Liquids. — Solids can adsorb solutes from solution 
in liquids by a mechanism entirely analogous to the adsorption 
of gases Here also the Freundlich equation applies Cases 
in point are the adsorption of direct dyestuffs by textile fibers, 
the adsorption of tannic acids by both hide substance and vege- 
^ This must not be confused with apparent density, ^ e , the weight, per 
unit volume of the granules in bulk, which in this case is 0 46. 
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table fibeis, the adsorption of organic colors by fuller’s earth, 
bone char, activated charcoal, and the like Computation 
methods do not differ m principle from those employed for the 
adsorption of gases by solids 

Gases and Liquids. — While gases and vapors adsorb on the 
surface of liquids, it is but rarely that liquids can be employed 
in a permanent state of subdivision sufficiently great to furnish 
the surface necessary to adsorb appreciable quantities On the 
other hand, liquids dissolving gases sometimes give equilibrium 
diagrams extremely similar to adsorption curves These are 
usually liquids which chemically combine with the dissolved 
material A case in point is that of sulphuric acid and water, 
the equilibiium diagram for which is given in Fig 167 ^ In 
such cases computations may be made by the same methods 
employed for solid adsoibents (See p 645 and pp 675 to 679 ) 

3 Chemical Combination 

When a gas is treated with an absorbent with which it com- 
bines chemically to foim a stable compound, so long as there 
IS excess of this absorbing agent, at equilibrium the partial 
pressure in the gaseous phase is negligible. Thus, if one is 
absorbing ammonia in excess sulphuric acid, as in the manufac- 
ture of ammonium sulphate from illummatmg gas, or CO 2 in 
excess caustic, as in gas analysis, or the hke, the gas left undis- 
solved after thorough contact between the gaseous and liquid 
phases is attained is negligible Similarly, if one is absorbmg 
a gas by a sohd, with which it firmly combines chemically, such 
as CO 2 by calcium oxide in the purification of air for liquefaction, 
the absoiption is complete so long as contact is adequate and the 
absorbent is present in excess. 

4 Incomplete Chemical Combination 

In many cases the combination is a loose and unstable one; 
however, ^ e , the compound is subject to partial dissociation 
Such cases are obviously governed by the law of mass action 
Thus, when carbon dioxide for hquefaction is recovered from flue 
gas, it IS dissolved in a solution of alkali carbonate, the carbon 
dioxide combining to form bicarbonate, the solutions of which 
^ R E Wilson, Jour Ind, Eng Chem , 13 (1921), 326. 
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exert a very decided partial pressure of CO 2 , due to dissociation 
The relationship^ is given by the mass action expression^ 

pN 

where /=the fraction of total base present as bicarbonate 
iV = normality of solution with respect to the base 
K == mass action '' constant which varies with concentration 
and temperature 

fc== solubility coefScient of carbon dioxide m water, which 
vanes with temperature as shown on Fig 163 (p 640) 
Other cases undoubtedly involving loose chemical combination 
are of a character such that it is difficult to demonstrate this 
quantitatively A case in point is the absorption of water vapor 
by sulphuric acid, the equilibrium data for which are found in 
Fig 167 

An interesting case of chemical combination is found in the 
distribution of certain substances between liquids in which the 
substance m question exists in different degrees of polymerisa- 
tion Thus, acetic acid dissolves in benzene m the form of 
double molecules and in ether as single molecules If one grant 
the presence in the benzene solution of a small proportion of 
single molecules, the concentration of which is m equihbnum both 
with the double molecules in that solvent and the single molecules 
in the ether, the law of mass action requires that at equilibrium 
the distribution of the acetic acid between the two solvents be 
determined by the following equation 

y^ = kx, 

where y = the concentration of acetic acid in ether 

X = the concentration of acetic acid in benzene 
k == the distribution constant 

When a gas combines chemically with a solid to form a second 
solid phase present as such, the compound must dissociate, giving 
a constant partial pressure of the gas so long as any of the com- 

^ In the derivation of this expression, the activities of the ionic con- 
stituents are assumed proportional to their total concentrations See 
Lewis and Randall, “Thermodynamics and the Free Energy of Chemical 
Substances,’^ McGraw-Hill Book Company, Inc , 1923 

N McCoy, Aw Chem Jowm , 29 (1903), 437, Bykne and Carlson, 
M S Thesis in Chem Eng , M I T , 1921 See also Walker, Bray, 
and Johnston, J Am Chem Socj 49 (May, 1927), 1235 
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pound and both its dissociation pioducts are present Thus, if 
calcium oxide absorb CO2 to form calcium carbonate, so long 
as all three of these substances are present, equilibrium can exist 
only at a certain partial pressure of CO 2, the value of which 
depends on the temperature and on nothing else Because 
of this fact it can be laid down as a general rule that chemically 
combining solid absorbents are unsatisfactory, for, if the com- 
pound formed is one readily dissociating, its partial pressure is 
relatively high and, since combination cannot take place if the 
partial pressure of the gaseous component is below the equilib- 
rium pressure, it is impossible to get complete absorption, 
on the other hand, if the compound be a stable one and the 
equilibrium piessure correspondingly low so that absorption can 
be complete, the very stability of the compound formed makes it 
difficult to decompose it and therefoie hard to recover the absorb- 
ent for re-use Thus, while it is true that calcium oxide is an 
excellent absorbent for CO2, to recover the calcium oxide for 
le-use, the carbonate must be heated to approximately 900° C 

PART IV RATE OF ABSORPTION AND EXTRACTION 

Introduction. — All available data indicate that phases in 
contact are, at the interface itself, always at equilibrium, 01 
substantially so For the interaction between liquids and gases, 
the data are quite conclusive ; in interaction of solids and liquids, 
equilibrium at the interface has been demonstrated to exist 
when crystals dissolve in suitable solvents, in the case of solid 
absorbents, whether reacting with gases 01 liquids, the phenom- 
ena are complicated and the available data of accuracy suffi- 
cient to serve as a basis for a conclusion decidedly limited, but 
none of the data are incompatible with the above generalization, 
and throughout this treatment equilibrium at the interface will 
be assumed 

This assumption of equilibrium at the interface is equivalent 
to the assumption of exceedingly rapid interaction between the 
phases at the exact point of contact It does not assume that this 
interaction is infinite in rate but that it is so rapid that it is not a 
controlling factor in delaying the ultimate result Hence, it 
follows that the thing which controls the rate of interaction of 
phases is diffusion through the surface films and that, therefore, 
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the capacity of every apparatus for absorption or extraction is 
limited by and dependent upon diffusional phenomena Conse- 
quently, in processes of absorption and extraction, the quantita- 
tive diffusional relationships are just as important as the 
equilibrium itself ^ 


1 Gases and Liquids 

In the mam body of either liquid or gas, except under special 
conditions which will not be considered here, mixing by convec- 
tion IS so rapid that the concentration of solute in the fluid is 
essentially uniform at all points Differences in gas or liquor 
concentration due to ''channeling’' in absorption apparatus are 
not involved in this concept On the other hand, the surface 
films are practically free from convection currents and conse- 
quently any transfer of solute through these films must be 
effected by the relatively slow process of diffusion. These films, 
therefore, offer the controlling resistances to the transfer of a 
material from one phase to another 

Diffusion through the gas film proceeds at a rate that is 
proportional to the difierence between solute concentrations in 
the gas on the outside and inside of the film ^ Diffusion through 
the liquid film, on the other hand, is controlled by the difference 
between the concentration of the solute in the liquid at the 
interface and its concentration on the other side of the liquid 
film, ^ c , in the main body of the liquid Since the surface films 
are generally thin, the actual amount of solute contained in them 
at any one time is usually negligible compared to the amount 
diffusing through them It follows, therefore, that all of the 
solute which passes through one film must also pass through the 
other, and as shown by Whitman* the two films may be consid- 

^ When a material diffuses from one substance to a second substance 
existing as a separate phase, the principles are the same regardless of 
whether the materials diffused from a gas into a liquid, or from a liquid into a 
gas This applies to the transfer of a vapor from gas to solid, and from 
solid to gas To cover such diffusion m either direction, the term interaction 
IS here employed 

2 Resistance to diffusion due to a gas film is, of course, non-existent m the 
special case where an absolutely pure gas is being absorbed This problem 
is very rarely encountered in practice, however, since the presence of very 
small amounts of inert gas, which will concentrate at the liquid surface, is 
sufficient to create an effective gas film 

3 The Two-film Theory of Gas Absorption, Chem Met Eng , 29 (July 23, 
1923), 147 
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ered as two diffusional lesistances m series Under certain 
circumstances the importance of one of the films may be so 
much greater than that of the othei that the second film may 
be neglected and the problem treated as if only one film existed 
(see p 655) 

The concentration difference through either of these films 
lepresents the potential or driving force that is causing diffusion 
to take place If the concentration differences be expiessed 
m identical units, e g , gram mols per liter, it is readily seen that 
the specific conductivity of the gas film will be much greater than 
that of the liquid The only resistance encountered by the 
diffusing molecules is due to their collisions with the interfering 
molecules of the gas or liquid through which diffusion is taking 
place Because of the greater density of the liquid the collisions 
m the liquid are much more frequent and the diffusional resist- 
ance IS correspondingly greater than in the gas The resistances 
to absorption, however, are dependent also upon the film thick- 
nesses It IS to be expected that the gas film would be somewhat 
thicker than the liquid, because under comparable conditions of 
disturbance the major factor in determining film thickness is 
probably the ratio of viscosity to density and this ratio ^ is greater 
for gases than for liquids Despite this fact, the greater specific 
conductivity of the gas film far more than overbalances the 
greater film thickness, so that the actual diffusional resistance 
encountered in the liquid film is much greater than that in the gas 

The amount of solute transferred per unit time by diffusion 
through the two films is dW/dd (See table of nomenclature on 
p 661 for resume of all symbols ) The amount of diffusion is 
obviously proportional to the surface of the interface S, and it is 
therefore convenient to refer to the diffusional current density 
dW/Sdd This quantity is equal to the diffusion coefficient 
(fcc; for a gas film or foi a liquid film) multiplied by the con- 
centiation difference available as a driving force, ? e , 
dW 

|^=A,(p<,-PO=fcL(c.-c.) (1) 

where P = gas concentration 

C = liquid concentration 

^ As pointed out on p 76, this ratio is sometimes called kinematic 
viscosity 
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The subscripts G, and L lefcr lespectivoly to conditions at the 
outside of the gas film, at the interface, and at the inside of the 
liquid film 

It IS clear that the numerical value of the diffusion coefficients 
ko and will depend upon the units m which the gas and liquor 
concentrations are expressed The choice of these units is 
purely arbitrary In this chapter, unless otherwise specified, 
solute concentration m the gas is expressed as its partial pressure 
in atmospheres and concentration in the liquid as grains per cubic 
centimeter because of the convenience of these units This 
makes the separate values of ka and kn of the same order of 
magnitude for many cases 

The data at present available indicate that at the true inter- 
face between liquid and gas the two phases are substantially at 
equilibrium (P^ m equilibrium with C^), even though there may 
be rapid diffusion and therefore high concentration gradients 
through the films on the two sides of that interface This fact 
puts one in a position to visualize clearly what takes place in an 
absorption process (Figs 168 and 169) Conditions at the out- 
side of the gas film and at the inside of the liquor film are approxi- 
mately the same as those in the mam bodies of gas and liquid, 
respectively Conditions at the interface are determined by 
two factors, first, the equilibrium between gas and liquor con- 
centrations, and second, the fact that all the solute diffusing 
through the gas film must also diffuse through the liquid film 
Thus, 

P^=/(C0 (2) 

this function being the solubility equilibrium relationship, and 
from Eq (1), 

ka(PG-P^)^h(C^-C^) (3) 

If the values of ko and of kj, are known, the values of P^ and C,, 
the Aterfacial concentrations, are at once determined by these 
tw/ considerations. If, for example, ko should be just equal to 
^to satisfy Eq (3), (Pa-P^) would have to equal ((7^-6T) 

^ Effect of Solubility. — Certain simplifications of the general 
Eq (1) are permissible when the conditions become such as to 
make one of the two films negligible in importance as compared 
with the other Since these conditions are primarily determined 
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by the solubility of the solute, it is desirable to consider separately 
the very soluble gases, the slightly soluble gases, and those of 
intermediate solubility 

Case I Very Soluble Gases — The absoiption of hydrogen 
chloride in water is typical for the very soluble gases In dilute 
solutions this gas is so soluble that at 30° C even a 20 pei cent 
solution (0 18 g per cubic centimeter) exerts a vapor pressure of 
hydrogen chloride of less than 0 2 mm of mercury (0 00026 
atmosphere) In this case the high solubility of the gas makes 
it possible to build up high concentration gradients through 
the liquid film, although the concentration in the gas at the 
interface may be very small ^ In other words, once it reaches 
the interface, the hydrogen chloride is rapidly sucked into the 
liquid film, and the gaseous concentration P^ is maintained at a 
very low figure The absorption rate for this extreme case will 
be determined almost solely by the rate of diffusion through 
the gas film under a difference in gaseous concentration sub- 
stantially equal to Pg since the value of Pt is negligibly small in 
comparison with Pg The general formula can therefore be 
simplified for very soluble gases to the form, 


dW 

Sde 


— hgPQ 


. ( 4 ) 


and the problem treated purely as a case of gas-film diffusion 
The same result can be reached by a more mathematical 
treatment Consider the absorption at 30° C of hydrogen 
chloride by water from an air mixture in which the partial pres- 
sure of hydrogen chloride is 0 1 atmosphere The gas at this 
pressure would be in equilibrium with a saturated solution con- 
taining 0 39 g hydrogen chloride per cubic centimeter The 
liquid concentration at the interface Ct would therefore be some- 
where between the limits of zero (that of the main body of liquid) 
and 0 39 (that of a satuiated solution) This concentration would 

be definitely fixed by Eqs (2) and (3) For example, if the 
absorption conditions were such that ko — kL, the equations would 
be satisfied by Ci = 0 1 and P^=0 000021, if /c<y=2fcz„ C^ = 0 2 
and Pi = 0 00037, and if /C(y=0 5 fcjr, Ct = 0 05 and Pi = 0 0000054 


^ This discussion neglects the tendency toward fog formation (see p 42) 
when strong HCl gas is brought into contact with water, due to diffusion 
of water vapor from the liquid surface out into the gas, there to condense 
with the HCl gas 
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It will be observed that in these three examples the value of P, 
IS so low compared to Pg that it can be neglected in the expression 
from Eq (1), 

^ = ke(PG-P^) 

and one may substitute the simpler form of Eq (4) 

Figure 168 shows the film conditions diagrammatically, 
with the concentrations pi evading at the interface when ko = ki, 
The sudden rise in concentration at the interface is due to the 

solubility characteristics of this 
solute, ^ e , a low partial pressure in 
the gas in equilibrium with a high 
liquid concentration because the 
solute has a great affinity for the 
water phase It will be noted that 
the concentration gradient through 
the gas film is essentially the same 
as it would be if no liquid film 
existed 

Case II Slightly Soluble Gases 
With gases of low solubility the 
rate of absorption is low because 
only very small concentration differ- 
ences can be established across the 
liquid film The solute diffuses so 
slowly through the liquid film that 
only a small concentration differ- 
ence IS required across the gas film 
As a result the liquid at the inter- 
face IS substantially saturated with solute at the pressure Po, 
and it IS unnecessary to consider the gas film in the calculations 
This may be shown mathematically for the absorption of 
oxygen at 0 1 atmosphere by oxygen-free water at 30° C Satu- 
ration under these conditions corresponds to only 0 0000037 g 
per cubic centimeter, and the value of Cx must therefore be 
between this saturation value and the zero concentration of the 
main liquid. As m the earlier example, Ci is determined by Eqs 
(2) and (3) If ko = h, ^ =0 0000037 and 0 0999963, if 
kG=2kLj Cv = 0 0000037 and Pt=0 0999981 It is evident that in 
all cases P^ is essentially the same as Pc?, t e , the interfacial 
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conditions are practically the same as those existing in the mam 
body of the gas The value of C, is therefore the same as that of 
a liquid saturated with oxygen at P<?, and may be expressed as Cg 
It, therefore, becomes possible to express the rate equation as 
dW 

= . . (5) 

and eliminate any consideration of the gas film. 

The film conditions for oxygen are represented in Fig 169 
with the concentrations prevailing when fe = /bL The sudden 


Pi =0 099996 



Ci = 0 0000037 
Gases of Low Solubility 
(Oxygen) 

Fig 169 

drop in concentration at the interface is due to the low solubility 
of this solute, % e j its slight afiinity for the water phase It 
should be noted that the relative slopes of the gas and liquid 
gradients are the same as in Fig 168, since 

=:^( = 1 for both figures) 

In the diagram it is necessary to magnify the slopes of the 
gradients, since they would appear as horizontal lines if drawn to 
scale 
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Case III Gases of Intermediate Solubility — There arc many 
important cases where the gas is too soluble to permit one to 
neglect the gas film, Eq (5), but is nevertheless not soluble 
enough to allow the liquid film to be disregarded, Eq (4) 
General equation (1) must be used as the basis of calculation for 
such cases 

Henry’s Law. — Fortunately, however, an overall coefficient, 
combining the two film coefficients, may be used whenever 
Henry’s law holds over the concentration range in question 
The concentration difference to be used with this overall coeffi- 
cient IS the total difference between gas and hquid, expressed 
in comparable units Thus, if gaseous concentration is expressed 
as partial pressure P<?, the corresponding liquid concentration 
must be given as the equivalent partial pressure Pl in equilib- 
rium with the hquid concentration Cl Correspondingly, the 
gaseous concentrations must be expressed as Cq (the liquid in 
equihbrium with Pa) if the liquid concentration Cl is used ^ 

If the Henry’s law relation is expressed as 

C=HP .... ( 6 ) 

the absorption equation becomes 

^^^Ka{Pa-PL) (7) 


or 


dW 

Sde 


=^Kr.{Co-C,) 


( 8 ) 


and the overall coefficients Kq and Kl can be obtained from 
the individual film coefficients; ko and fcz,, by algebra, using Eq 
(1), (6), and (7) or (8). 


and 


From the nature of the overall coefficients, it will be seen that 
the overall coefficient Kl can never be greater than the liquid- 
film coefficient /b^ and, similarly, that Kg can never be greater 
than ka. 

^ Bohr, Am Phys Chem , 68 (1899), 500, Lewis, J Ind Eng Chem , 8 
(1916), 825, Donnan and Masson, J Soc Chem Ind , 39 (1920), 236 


Thus, 


1 111 
fo Hh'^ko HkL ' • • 

. . (9) 

II 

+ 

II 

. (10) 
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It should be noted that thcoictically the overall Eqs (7) and 
(8) can be applied only to isothermal absorptions, since the 
coefficient of Henry's law changes with temperature In 
practice, however, it is permissible to employ this method over 
narrow ranges of temperature 

Other Cases — The methods of computation for soluble gases 
which do not approximately obey Henry's law over the range 
being studied, and yet are not soluble enough to be treated under 
Case I, are best made by the methods given on pages 689 to 690 
The absorption of hydrogen chloride in solutions of concentrated 
hydrochloric acid (which exert an appreciable vapor pressure of 
HCl) represents this type of problem 

Other Variables. — The discussion has so far considered only 
the effect of solubility of the gas in determining absorption rate 
per unit area The othei important variables are the diffusion 
coefficients ko and fci,, which can be varied considerably by 
the character of the absorption process Any factors which 
tend to cut down the thickness of the surface films should increase 
the coefficients and correspondingly speed up the absorption 
rate ^ Thus, agitation of the liquid increases diffusion through 
the liquid film, while higher gas velocities past the surface cause 
more rapid diffusion through the gas film, see pp 705 to 715. 

The effect of such factors will be decidedly dependent upon 
whether the process is controlled by gas-film or liquid-film diffu- 
sion Thus, a change that decreased the thickness of the gas 
film but did not affect the liquid film would increase the absorp- 
tion of hydrogen chloride but would not affect the rate of oxygen 
absorption 

Changes in temperature influence several factors, and it is 
necessary to distinguish clearly between the effect of temperature 
on the equilibrium and its effect on the coefficients of diffusion 
Increase m temperature makes the gas less soluble, thus tending 
to lower the rate of absorption The diffusion coefficients them- 
selves may, however, be either raised or lowered by temperature, 
depending upon the changes m film thickness and in specific 

1 The capacity coefficient ka and similarly fcx may be defined as the 
specific coefficient of diffusivity divided by the effective film thickness, just 
as the capacity coefficient of heat transfer is looked upon as the specific 
thermal conductivity of the fluid divided by the effective film thickness 
See pp 134”158 The coefficient Jcq of this chapter is identical with fc of 
p 459, 
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diffusivity Liquid-film coefficients Ul rise rapidly with increas- 
ing temperature, both because of decreased film thickness due 
to lowered viscosity and because of greater diffusivities On the 
other hand, data regarding effect of temperature on the gas film 
coefficient ho are inconclusive, but the effect of temperature is 
not large, see p 709 Although little is known regarding the 
effect of temperature on specific diffusivities through gas films, it 
seems probable that this effect is less than that due to an increase 
m the film thickness. 

A type of apparatus in which gas bubbles up through a liquid 
would represent vitally different conditions from one where liquid 
drops are sprayed through a gas In the first instance, a rising 
gas bubble would continuously expose fresh liquid surface and the 
conductivity of the liquid film would be high, whereas the gas 
film would be relatively undisturbed Such a device should 
therefore be most satisfactory for absorbing the less soluble gases 
where liquid-film diffusion is controlling In the other case, 
a falling drop might be expected to have only a very thin gas 
film but a fairly thick liquid film Apparatus of a spray type 
will therefore, other things equal, be well suited for absorbing very 
soluble gases 

From these suggestions it is evident that the ratio of film 
coefficients {hi,/ ho) varies with the type of apparatus and with 
the conditions of operation. It is therefore quite possible that 
the absorption of a gas of intermediate solubility might be 
controlled primarily by liquid-film diffusion in one piece of 
equipment and by gas-film diffusion in another. This pomt is 
illustrated by the case of sulphur dioxide, which is almost entirely 
governed by the liquid film when passed over a free surface of 
liquid, but which is largely affected by the gas film when absorbed 
by bubbling through water. 

It IS possible to predict comparative performances of different 
solutes in the same equipment on the basis of this general concept 
Under similar operating conditions the effective film thicknesses 
wiU in most cases be mdependent of the solute that is bemg 
absorbed. 

For low concentrations of the diffusing gas there is a definite 
relationship between the coefficient ka and the molecular weight 
Mg of the diffusing gas For the units tabulated on page 661, 
this relationship requires that ko be directly proportional to the 
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square root of Mg The molecular weight of the inert gas 
and the partial pressure of the inert gas p' are involved in such 
a way that ko varies inversely as the square root of M^ and 
inversely as p' Furthermore, for different diffusing substances, 
the influence of such variables as velocity, temperature, and the 
like must be identical (see pp 709 to 712) 

Our knowledge as to liquid-film coefficients is incomplete 
It IS known that as the molecular weight of the diffusing material 
becomes high its diffusivity increases,^ but the data show clearly 
that the change in diffusivity is small compared with that in 
molecular weight In the absence of more definite information, 
it IS assumed that, for the units here employed, the liquid-film 
cofficient fci,, under conditions of equal film thickness, is the 
same for all substances This approximation is somewhat 
justified by the fact that diffusivity data given in the literature 
show a suiprisingly small variation for various electrolytes and 
other aqueous solutions of low molecular weight 

Further data regarding factors affecting the capacity coeffi- 
cients are given on pages 705 to 715 

Table of Nomenclature 

W = Weight of solute m grams 
d = Time in hours 

= Rate of absorption, in grams per hour 

>S = Area of liquid-gas interface, in square centimeters. 
fc(? = Individual diffusion coefficient through gas film = h/xp' 
fcL = Individual diffusion coefficient through liquid film. 

P = Partial pressure of solute in gas, in atmospheres 
C — Concentration of solute in liquid m grams per cubic 
centimeter 

X = Effective thickness of gas film 

p' = Logarithmic mean of partial pressures of inert gas at 
the interface and in the mam body of the gas ^ 
Subscript G applies to conditions in mam body of gas 
Subscript % applies to conditions at liquid-gas interface 
Subscript L applies to conditions m mam body of liquid. 

^ Where diffusivity is expressed m mols, diffusivity decreases with increase 
m molecular weight of the diffusing substance 

2 See Hanks and McAdams, Ind Eng Chem , 21 (1929), 1034 
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ff = Solubility coefficient = liquid concentration m grams per 
cubic centimeter divided by equilibrium gas pressure m 
atmospheres 

== Overall diJffusion coefficient, based on AP 
X£,== Overall diffusion coefficient, based on AC. 

M = Molecular weight of solute. 

2 Fluids and Solids 

In the majority of cases solid absoi bents pick up gases by 
adsorption, the equilibria being of the type shown in Figs 165 
and 166 The data available on adsorption rates are incomplete, 
but the indications are that the mechanism is one of gas-film 
diffusion, the film being, however, not merely on the outside of 
the gram but also to no small degree within the core Conse- 
quently there is a very definite limit to the possibility of reducing 
the gas-film resistance by high gas velocity past the adsorbent 
The reason lies in the structure of solid adsorbents Thus 
the individual gram of activated charcoal is not a dense solid, 
but is permeated by a labyrinth of exceedingly fine capillaries 
upon the walls of which the adsorbed gas is held (see p 647) 
It has been estimated that in the case of highly activated charcoal 
the active surface of these capillaries is of the magnitude of 20 
acres to the pound Gas is adsorbed not merely in those capil- 
laries near the outer surface of the gram, but in the inner ones as 
well To penetrate the gram, however, the entering gas must 
diffuse along the capillaries, and this, rather than diffusion 
through the gas film around the outside of the gram as a whole, 
offers the major resistance to rapid adsorption This resistance 
increases as adsorption proceeds, for at the start the entering gas 
IS adsorbed and held at the very mouths of the capillaries, whereas 
later increments of gas adsorbed must diffuse down the capillaries, 
past the outer layers of carbon surface already saturated, to 
points located progressively deeper in the gram and not yet 
loaded up with gas In the case of gases and vapors, however, 
this diffusion is rapid, so much so, that for small gram sizes, 
equilibria rather than adsorption rate is often the controlling 
factor in the process 

In the adsorption of materials from liquid solutions by solid 
adsorbents, the situation is very different. While the capillary 
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stiuctnie of the adsorbent granule remains the same, these 
capillaries in the interior of the grain are normally ineffective, 
because the material adsorbed from liquids almost always 
possesses very high molecular weight For example, the organic 
color removed from sugar syrups by bone char and from oils by 
fullei’s eaith is in both cases complex in structuie and colloidal 
or semi-colloidal m character In consequence, the diffusion 
rate through the capillaries is exceedingly slow and, indeed, the 
indications are that the capillaiies act m a certain sense as filters, 
their mouths on the outer surface of the gram becoming choked 
with adsorbed color 

There are two important consequences In the first place, 
when the mouths of the capillaries reach equilibrium with the color 
concentration in the external solution, further adsorption becomes 
exceedingly slow, despite the fact that the total adsorptive capac- 
ity of the gram has been only partially utilized In other words, 
there develops a false equilibimm, which, however, sets a practi- 
cal limit to the adsorptive capacity of the solid It is this false 
equilibiium in which the engineer is interested and which must be 
experimentally determined as the basis for computations and 
design In the second place, the total effective adsorptive capac- 
ity of the solid IS proportional, not to the total surface of the 
capillaries e , to the total weight of the solid), but rather to the 
surface of the grains themselves, because the effective capillary 
surface is limited to that m a thin layer below the outer surface 
of the gram Thus, whereas it has been found experimentally 
that grinding 20-mesh carbon to particles less than 0 001 mm m 
diameter increases the total adsorptive capacity for gases only 
8 per cent, the capacity of similar solids for decolorization is 
approximately proportional to the total gram surface exposed, 
2 e , for a given weight of adsorbent, inversely proportional to the 
average gram size (see p 671) Consequently, while it is 
advantageous to use solid adsorbents for gases m the form of 
coarse grams, because this avoids the evils of dusting and high- 
pressure drop without introducing serious concomitant disadvan- 
tages, when employing similar adsorbents for liquids, the use of 
them in the form of relatively fine powders greatly increases both 
adsorbm g capacity and rate per unit weight of adsorbent employed 

While from the preceding discussion it is obvious that the 
mechanism of diffusion of a solute from a liquid into a solid 
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adsorbent is complicated and, even for the same concentration 
difference, will be more rapid at the start of the adsorbing process 
than toward its end, none the less the data indicate that the 
adsorption rate is substantially proportional to the total suiface 
of the adsorbing grain and to the difference in concentration 
between that m the solution around those grains and that in a 
solution in equilibrium with the material already adsorbed 

Because the total adsorptive capacity of the material is 
proportional to its surface rather than to its weight, the determi- 
nation of the adsorption equilibrium is very unsatisfactory 
It IS difficult to get two samples of material of the same grain size 
and the same size distribution Indeed if one take a granular 
material and separate it into two parts, there is a very marked 
tendency towards segregation of grains of varying size, and of 
these two samples the one with the smaller average gram size 
will have both the higher adsorptive capacity and the higher 
adsorption rate Added to this is the still greater difficulty of 
duplicating the quality of an adsorbent in the preparation of 
separate samples Thus, in the activation of charcoal by selec- 
tive oxidation, it is difficult, if not impossible, to carry the activa- 
tion to exactly the same point in successive runs Obviously, 
in the regeneration of old adsorbent for re-use, as is practiced in 
the reactivation of charcoal, bone char and fuller earth by fur- 
nacing, the chances for variation m quality of product are even 
greater Because of these facts it is difficult to get satisfactory 
experimental checks in determination of either equilibrium or 
rate In practice, it is best to secure both figures from analysis 
of operating data under plant conditions, but it is imperative to 
make sure that the data obtained are representative, by using the 
results of a larger number of tests Furthermore, in employing 
such data as the basis for design, liberal factors of safety must be 
used. 
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ABSOEPTION AND EXTRACTION 

PART 1. METHODS OF OPERATION EQUIPMENT 

1. Treatment of Gases by Liquids (Gas Washing and Scrub- 
bing).— Efficient absorption from gases by hquids demands both 
counter-current flow and large interfacial contact between the 
phases (see pp 574 and 635) The problem is entirely analogous 
to that arising in rectification, and the apparatus employed in 
that art is also frequently used in absorption (see pp 574-578) 
Attention should be called to the fact that filled towers give less 
efficient contact than bubble-plate columns but possess the 
advantages of much less back pressure and smaller liquid content 
The latter advantage may be particularly important where 
frequent staiting and stoppmg is necessary All filled towers, 
howevei, are likely to channel badly, especially at low liquor 
lates, and under this condition contact is lost because only a small 
fraction of the surface is properly wetted In consequence filled 
towers are unsatisfactory where under operating conditions the 
rate of liquid flow is subject to wide variations (see p 577) 

Many types of tower filling are available Thus, columns 
packed with coke are employed m the absorption of CO 2 from flue 
gas in bicarbonate solutions, slat-packed towers are sometimes 
preferred for absorption of light oil in mineral seal oil; packings 
of quartz, earthenware, and tile are valuable for acid liquids, and 
perforated sheet metal is also used in various cases In absorbing 
light naphtha in suitable hydrocarbons, as in the washmg of 
refinery gases, horizontal screens may be placed in a vertical 
column to expose fresh surfaces of the oil flowing down the tower 
Spray chambers of the type shown in Fig 104 (p 463) may be 
used for absorption, but where liquid is recirculated through the 
sprays, it is necessary, to obtain an approach to counter-flow of 
gas and liquid, to employ a number of chambers in series 

Figure 107 (p 474) shows the Maclaurm centrifugal scrubber 
as utilized m absorption. The Ceco spray device secures contact 
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between gas and liquid by feeding the liquid upon a revolving disk 
Figure 170^ shows a section of the B H washer, a recent modifi- 
cation of the Fels scrubber, designed to give a contact between 
liquid and gas which is independent of the net flow of liquid 
through the tower This type is especially suited to cases v/here 
extensive contact is required and the amount of liquid is small, 
as in absorbing veiy soluble gases Within limits the amount of 
contact can be controlled by regulating the speed of the shaft 
which rotates the inclined vanes attached theieto 

2. Treatment of Gases by Solids — Whenever a fluid, gas or 
liquid, is to be treated by a solid, one is handicapped by the 



Fig 170 — ^Longitudinal Section of Bartlett Hayward Washer 


difficulty of moving solids smoothly and continuously This 
difficulty is so serious that it is the almost universal practice to 
place the solid in position and pass the fluid over it, leaving the 
solid undisturbed until its interaction with the fluid is complete. 
Thus, in the absorption of gasoline from natural gas, the absorb- 
ent charcoal in granulated form is packed m cylindrical con- 
tainers several feet deep, through which the gas to be treated is 
allowed to flow Three of these cylinders are operated together, 
the gas first entering a cylinder partly saturated with gasoline 
from previous treatments and flowing thence to a cylinder recently 
stripped of its gasoline content. The third cylinder is out of the 
gas circuit, in process of being stripped of its gasoline content by 
passing superheated steam through it The mixture of gasoline 
vapor and steam leaving this cylinder is condensed and the gaso- 
ime recovered by decantation. When the charcoal m the first 
^ Courtesy, Bartlett Hayward Company, Baltimore, Md 
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cylindci in the gas circuit becomes saturated with gasoline, it is 
cut out, the gas now entering what was previously the second 
cylinder m the line and flowing thence to the gasoline-free char- 
coal m the third cylinder, now stripped of its gasoline The 
cylinder cut out of the line is then subjected to the stripping 
operation. It is thus seen that the plant operation is divided 
into three cycles, at the end of which conditions return to those 
originally obtaining By this means the charcoal is used repeat- 
edly with no physical movement or handling so long as it remains 
in process , this has the important advantage of lessening deterio- 
ration and loss of char by dusting Such an operation is described 
as semi-continuous and represents two stages of counter-current 
action As many stages may be introduced as desired, the use of 
less than three being unusual This system of operation involves 
the same principle employed in rectification (p 574), counter- 
current drying (p 499), and counter-current transfer of heat 
(p 173), but the pimciple is applied as m the operation of the ring 
furnace (p 232). 

Attempts have been made to secure a continuous movement 
of the solid treating agent m a direction opposite to that of the 
fluid treated For example, it has been proposed to employ a 
traveling belt or screen to carry the solid, in an apparatus 
analogous to the band-type drier used for soap (see Fig 113, p 
496) For solids which do not dust easily, the so-called ^Jacob’s 
Ladder” type of apparatus has been suggested, in which the solids 
slide down over a series of inclined shelves alternately projecting 
from the sides of a vertical container Another proposal is that 
the gases be brought into contact with the pulverized solid, in a 
stepwise counter-current apparatus involving dust collectors and 
bag filters. 

3. Treatment of Liquids by Gases or Vapors (Stripping or 
Denuding). — These operations are carried out in the same types 
of apparatus as described above for the treatment of gases by 
liquids A familiar illustration is the stripping of benzene from 
absoibent oil, accomplished by blowing steam up through a 
tower at the top of which oil to be treated is fed The benzene- 
free oil leaving the bottom is cooled before returning to the 
absorption tower, and for this purpose heat exchange^ is generally 
employed so far as practicable The mixture of benzene vapor 
and steam leaving the top is condensed and the benzene is 

1 See p. 143. 
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separated by decantation In order thoroughly to strip the oil 
and at the same time conserve steam, the temperature must be 
maintained high If this be done by the condensation of live 
steam alone, the temperature limit is that corresponding to the 
pressure of steam in the stripping tower, e , at atmospheric 
pressure to about 212° F There is no need to adhere to this 
temperature limit, and less steam is required as the temperature 
is raised The column should be heated, usually by steam con- 
densing under pressure in closed coils The temperature m the 
lower part of the column can be raised above that at the top of 
the column, even though a certain amount of vaporization of the 
absorbent oil results, since this vaporization can be rectified out 
in the upper part of the column by the refiuxmg action of the 
feed or, if desired, by the use of a refluxing section above the 
feed plate It is important to realize that the closed coils used for 
heating should be distributed throughout the column below the 
feed plate, m proportion to the heat consumption due to vaporiza- 
tion and rise in temperature occurring in each section A further 
large saving in the live steam injected directly into the column 
may be made by applying vacuum (see pp 567-569) If one 
wish, the whole separation may be made by ordinary rectifica- 
tion, but the temperature required at the bottom of the still 
may cause decomposition 

4. Treatment of Liquids by Liquids. — These operations are 
usually earned out in tanks, provided with the proper auxiliaries 
to prevent loss of solvent, if volatile, with agitating devices of 
various types for secuimg intimate contact After the treating 
agent has extracted its quota of material, the agitation is dis- 
continued and the two layers are separated by decantation 
(see pp 332-333) 

6. Treatment of Liquids by Solids — Where necessary to 
remove a component from solution in a liquid by means of a solid 
adsorbent, the classical method is to allow the liquid to flow 
through a deep bed of the adsorbent in granular form The mass 
IS called a percolation filter, although the mechanism of removal 
IS in no sense filtration, the voids between the grains of the 
adsorbent being far too large to prevent the passage of the largest 
particles of the solute The mechanism of removal is pure 
adsorption (see pp 643 to 649) 
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Counter-current flow is desirable, but study of the equilibria 
relationships (see Fig 194, p 719) makes it clear that the more 
intense the adsorption e , the greater the value of n in the 
Freundlich equation, p 645), the less the advantage of counter- 
current flow over batch operation Consequently, such filters 
aie frequently employed in single units, the solutions flowing 
through them until the concentration of the effluent liquor is 
no longer satisfactory Where liquids of varying initial concen- 
tration are available for treatment, a filter is frequently employed 
first for weak liquors and later for stronger ones, without attempt 
to make the flow positively counter-current The flow is usually 
by giavity Whether the liquid should flow upward or down- 
waid depends upon the change of density produced by the 
adsorption, if treatment makes the liquid lighter, it should flow 
upward and if heavier, downward, in order to avoid the mixing 
by convection cuiients of purified liquid with impure material in 
earlier stages of filtration Because the rate of adsorption is very 
small (see p, 663), time must be allowed, le, flow of liquid 
through the filter must be slow It is frequently possible to 
increase the adsorption rate by increasing the temperature of the 
operation, the increased rate of diffusion more than compensating 
the decreased affinity of the adsorbent for the solute 

By far the most serious difficulty encountered in the operation 
of percolation filters is channeling It is impracticable to produce 
a granular adsorbent of absolutely uniform gram size and shape, 
and when charging the filter the tendency for segregation of 
granules of varying size is marked, the more so the greater the 
variation m size Thus, if the material entering the filter be 
discharged at any given point, a cone is built up at that point and 
the larger granules roll to the bottom, while the core of the cone 
consists of the finer particles If the adsorbent be fed to the 
middle of the filter, this segregation of large particles at the 
side IS very serious This coarse material offers far less resistance 
to flow of liquid , hence the major portion of the liquid goes through 
this section and the flow through the finer material is negligible 
Various mechanical devices have been tried for securing uniform 
distribution of the granules while charging the filter but, though 
it IS possible to localize segregation, it is difficult to eliminate 
it altogether So long as segregation is sufficient to offer through 
the filter some path of relatively low resistance to liquid flow, 
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channeling occurs and the utilization of the adsorbent is greatly 
impaired, because the liquid fails to flow through the finer 
material, which is most efficient from the point of view of both 
capacity and rate ^ Where the adsorption produces in the liquid 
an appreciable change m gravity, the evils of channeling may be 
reduced to a minimum by using such low liquor velocities that 
the differences in liquor gravity developed by the adsorption 
itself maintain uniformity of liquor concentration at each hori- 
zontal section through the filter Thus, assume that adsorption 
decreases the density of the liquid In such case the liquid should 
obviously flow upward through the filter At the start the liquid 
at any particular horizontal level in the bed tends to flow pre- 
dominantly through the coarse material, but this soon saturates 
that mateiial and consequently there is no further decrease m 
density of this liquid This develops an additional pressure head, 
which does not exist through the fine material, m which, due 
both to the smaller liquor flow through it and to its greater 
adsorptive capacity, adsorption and consequently decrease in 
density have gone much further Hence, there is developed a 
greater pressure gradient through the fine material than through 
the coarse, and, provided the velocity is sufficiently low so that 
the greater fiiction through the fines does not overbalance this 
excess-pressure gradient, the liquid will now flow predominantly 
through the fines Unfortunately, however, in the majonty of 
cases the change m density due to adsorption itself is too small 
to make this method of overcoming the evils of channeling 
effective 

Percolation filters are frequently employed for removing 
from liquids or solutions a relatively small amount of impurity, 
as, for example, in the decolonization of oils by fuller’s earth 
or of sugar syrups by bone char When the adsorbent has 
become saturated, it is obvious that the hquid held in its voids, 
both those between the grains and the capillary spaces within the 
grams themselves, must be recovered From the voids between 
the grains a certain amount can be removed by draining the filter 
The rest is usually removed by washmg, in the case of oils this 
may be done with petroleum ether, and of sugar syrups with 
water The wash liquid is usually lower in density than the 
liquid under treatment, and consequently downward flow should 

iSeep 663. 
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b(' employed to pi event convection It is frequently best not to 
dram the filter before starting the washing operation, since other- 
wise a great deal of unnecessary mixing results, due to the rush 
of the washing liquid applied to the top of the filter down through 
the empty voids between the grains The rate of washing should 
be low, particularly at the start, so that the heavy liquid, even 
that entrapped m the capillary voids within the grains, may flow 
down and out from the filter ahead^of the wash liquid, which 
follows it through the filter like a piston In so far as this piston 
action IS effective, it results in removal of the original liquid 
without dilution with the wash liquid, but the final removal is 
always by diffusion and is correspondingly slow 

The wash liquid is almost always removed from the adsorbent 
by evaporation In the case of water, the adsorbent is usually 
removed from the filter and dried, in the case of organic solvents, 
such as petroleum naphtha, the solvent is usually vaporized by 
blowing m steam, the vapors going to a suitable condenser for 
recovery It is frequently possible to revivify or reactivate the 
adsorbent Thus, in the adsorption of organic color by bone char 
and fuller^s earth, these materials are ignited to a moderate tem- 
perature in the presence of a certain amount of air This chars 
the color which was adsorbed, burning out a certain amount of it 
and converting the residue into a carbon which is itself decidedly 
adsorbent It is thus possible to re-use the material a large 
number of times In the case of the bone char, the limit to the 
life of the adsorbent is often dusting, but the fuller’s earth 
becomes less effective with revivification and is seldom employed 
more than ten to fifteen times After furnacing, the adsorbent 
must, of course, be cooled and reintroduced into the filter 

The potential advantages of increasing adsorbent capacity 
and adsorption rate by the use of finer granules are very attrac- 
tive, but fine material clogs the percolation filter The possibility 
of securing the necessary contact between solid and liquid by 
agitating the adsorbent in the liquid m the form of very fine 
granules and separating the adsorbent after saturation by filtra- 
tion IS obvious, but before the development of the modern 
leaf and rotary filters, the filtering operation was too expensive 
to make this method practicable In recent years, however, 
the method has come into widespread use The rotary filter 
has proved best suited to the purpose The grain size of the 
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adsorbent must not be so small that the filtration rate is seriously 
reduced or that dusting develops in any subsequent operations, 
such as revivification The smaller the amount of adsorbent rela- 
tive to the volume of liquid treated, the simpler and more efficient 
IS the process Hence, this method is particularly advantageous 
when employing treating agents of high adsorbent capacity such, 
for example, as activated charcoal Unfortunately , in this system 
the advantages of counter-flow can be secured only at the expense 
of multiplicity of operations In practice one seldom employs 
more than one or at the most two agitations with a given body of 
liquid However, where adsorption is marked, ^ ^ , the value of n 
in the Freundlich equation is high, the advantages of counter- 
current action are far less than where adsorption is low (see 
pp 718 to 720) 

Systematic sedimentation (see p 675) offers certain obvious 
advantages for this treatment of a liquid by a solid and will 
sometimes commend itself Sedimentation is impossible under 
conditions of violent agitation, however, and for adsorption filtia- 
tion agitation is very essential because of the extremely high 
molecular weight and correspondingly low diffusion rate of the 
material removed from the solution (see p. 663). Consequently, 
therefore, agitation followed by mechanical filtration of the solid 
from the liquid in which it is suspended is usually the better 
method 

6. Treatment of Solids by Gases or Vapors. — The operation 
IS the reverse of the treatment of vapors by solids and the princi- 
ples governing it are identical. Furthermore, because of the 
difficulty of handling the solids, it is usually conducted m the 
same container used for the original adsorption The removal 
will be the more complete the larger the amount of gas swept 
over the solid and the higher the temperature In the case of 
adsorbed organic liquids, the best treating agent is steam, 
because, by condensing both it and the adsorbed vapor, the two 
can be separated by decantation It is obviously desirable to 
keep the amount of steam necessary for treatment down to a 
minimum, and this can be done by raising the temperatures 
Most solid adsorbents, however, are very poor conductors of 
heat, and the problem of distributing the heat throughout the 
adsorbent is a very real one Sometimes coils are imbedded in 
the adsorbent, for water cooling during the adsorption phase 
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of the operation and steam heating during the stripping The 
danger of leakage is serious, and the coils should be so constructed 
that, where necessary, leaky units can be shut off without stop- 
ping operation Where the concentration of vapor adsorbed is 
high, cooling units of this sort are often essential during the 
adsorption operation, since it would otherwise be impossible to 
dissipate the heat, but where the adsorbent is dilute, ^ e , under- 
those conditions for which solid adsorbents are peculiarly advan- 
tageous, the heat capacity of the diluent gas is enough to prevent 
serious temperature rise during adsorption In stripping it is 
usually best to supply the necessary heat in the form of highly 
superheated steam This has the advantage that the very flow 
of the steam itself distributes the heat perfectly throughout 
the adsorbent mass, despite its poor heat conductivity Further- 
more, during the evaporation of the adsorbed vapor from the 
solid, the heat absorption lowers the temperature of the steam, 
while as soon as stripping is complete, the temperature of the 
steam leaving the unit rises substantially to that at entrance 
This gives a convenient and dependable control of the stripping 
operation After stripping, the adsorbent mass can be cooled by 
blowing through it cold air or inert gas 

Toward the end of the stripping operation it is obvious that a 
unit amount of steam can remove but little adsorbed vapor, 
because of the low partial pressure of the latter Such steam still 
possesses a large vapor-carrymg capacity, which can be utilized 
by allowing the steam to flow through a number of containers in 
series Due to the complications involved, however, this is 
seldom done 

7. Treatment of Solids by Liquids (Lixiviation or Leaching). — 
The technique of the art of lixiviation was developed in connec- 
tion with the leaching of tannin from various barks and in similar 
important processes, and led to the adoption of what has been 
described above as a stepwise, counter-current system. In the 
extraction of solids by liquids it is called the Shank^s system. 
In the common case where water is used as the treating agent, the 
fresh bark is treated with a solution already rich in tannin, while 
the exhausted bark is given a final wash with fresh water. In 
Shank’s system the solid to be extracted is charged into large 
tanks, where it remains undisturbed until the extraction is com- 
pleted, then to be replaced by fresh charge Where necessary, 
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the charge is first broken up into granules The gram size should 
be as nearly uniform as possible, since for large lumps extraction 
IS slow, whereas fine material packs and interferes with flow of 
liquid through the mass For the reasons given on page 669, in 
charging the tanks precautions should be taken to prevent 
segregation of particles of varying size, though usually the change 
of density of the liquid as extraction proceeds is sufficient to 
overcome this evil if late of flow is slow (see p 670) Since the 
liquid almost always increases m density, the flow is downward 
The tanks are usually arranged in parallel rows, similar m princi- 
ple to the arrangement of the cells in a ring furnace (see p 230) 
They should obviously be identical m size and level The water 
or other lixiviant enters the most nearly exhausted tank of the 
series, flows down through it, and thence up to the top of the next 
tank in order 

Where gravity head is used, there must be a difference in liquid 
level between tanks sufiicient to overcome the friction through the 
material, and, in addition, the head corresponding to the differ- 
ence between the gravity of the effluent liquor from the tank and 
the average of that in the tank itself Where the number of 
tanks in series is large, this difference m head becomes a serious 
factor, because the charge m the fresh tank must be covered with 
liquid and consequently the full depth of the tank cannot be 
utilized for charge The lixiviant is usually employed hot, to 
increase both solubility and rate of extraction Where extrac- 
tion IS slow, heat losses, not only by radiation and conduction, 
but also by evaporation, are sometimes serious. 

A difficulty sometimes encountered is the packing of the 
charge due to its reduction by the extraction process itself to 
a finely subdivided residue. This is particularly likely to develop 
when the percentage of solute in the charge is high Thus, in 
the manufacture of black ash in the LeBlanc process, it is essen- 
tial to modify the composition of the charge to the black-ash 
furnace to secure a product which will, to a reasonable degree, 
retain a porous structure and mechanical strength as leaching 
proceeds Fortunately, however, solids containing a high per- 
centage of soluble matter can usually be leached by simple 
agitation, followed by separation of the residue by sedimentation 

The Shank's system was originally developed primarily 
because of the mechanical difficulties of moving solids under 
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pioper conditions of control This difficulty was avoided by 
leaving the solid stationary and letting all the movement, during 
the extraction process itself, be that of liquid past the solid The 
advent of the modern developments in the mechanical conveying 
of solids obviously made possible a new technique m lixiviation 
It became practicable to move both solid and liquid simultane- 
ously, counter-current to each other, in intimate contact, inde- 
pendently of the state of subdivision of the solid The Dorr 
classifier (Fig 80, p 326) consists essentially of a scraper con- 
veyor which drags a granular solid up an inclined plane against 
a counter-current of lixiviant The solid is fed at the lower end 
of the incline and is discharged at its top While the motion of 
the scrapers is slow, none the less their agitating action is such 
that this type of equipment is not well suited for the treatment of 
finely subdivided, slow-settling solids Furthermore, the agita- 
tion distinctly interferes with the counter-current action, due to 
the mixing of liquids at different points m the trough This may 
be offset by using these units in series The apparatus has large 
capacity and low operating cost The gram size can be suffi- 
ciently small so that extraction is quite rapid An important 
illustration is the leaching of copper salts from pyrites cinder 

For finer materials it is best to reduce the agitation to a 
minimum and to let the solid move through the liquid by gravity 
sedimentation This is accomplished in the Dorr continuous 
thickener (Fig 83, p 339) The suspension is fed into the middle 
of the top, the clear decanted liquor overflows at the periphery, 
and a concentrated sludge is continuously removed from the 
bottom There is no counter-current flow in a given unit, but 
the units may be successfully used m series A typical applica- 
tion IS found m the extraction of caustic soda from calcium 
carbonate sludge in the causticization of soda ash 

In principle the washing of a sludge m a filter comes under 
this heading This has already been discussed m Chap XI 

PART 11. DESIGN: GASES BY LIQUIDS 

In the absorption of gases by liquids the conditions of operation 
are usually counter-current and continuous or at least reasonably 
so over definite time intervals Consequently the discussion 
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of quantitative methods of design will be restricted to such 
conditions ^ 

Figure 171 represents a counter-current absorption unit 
The incoming gas is indicated entering at the bottom and leaving 
at the top and the liquid absorbent is flowing in the opposite 
direction. The entering gas carries the material to be absorbed, 
which dissolves as solute m the liquid absorbent The exit gas 
carries only the residual solute not dissolved in the absorbent 
liquid flowing from the bottom As in 
the case of calculations in Drying (pp 
441-458), it is advisable to express the 
concentrations of material being absorb- 
ed, ^ e , of solute as parts of solute per 
part of solute-free gas for the gas phase 
and parts of solute per part of solute- 
fiee absorbent for the liquid phase 
Unless otherwise stated, both gas and 
liquid concentrations will be expressed 
as pounds per pound ^ 

Call the pounds of incoming, solute- 
free gas per unit time 0 and the pounds 
of liquid absorbent L The concentra- 
tion of solute in the hquid, expressed as 
pounds per pound of absorbent liquid is 
X This has the value Xi, at the bottom 
of the tower in the effluent liquid and .Tq 
at the top of the tower in the incom- 
ing liquid, y is the concentration of solute in the gas, expressed 
as pounds of solute per pound of solute-free gas Its value is yi 
in the incoming gas and in the outgoing Consider any section 
in the middle of the tower, taken at right angles to its axis At 
this section the concentrations are x and y, the numerical values 
of these quantities differing of course with the point at which 

^ Computation methods adaptable to other cases will, however, bb found 
on pages 715 and 721 

2 Any quantity units desired can be used for each of the three com- 
ponents Not infrequently the unit of gas quantity is 1,000 cu ft under 
some specified conditions of temperature and pressure Sometimes the 
amount of solute in that gas is given in grams (ammonia in illuminating gas) 
and at others in gallons m the liquid state (benzene m the same gas) 
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the section is taken Consider a second section at a differential 
distance dl below the first, at which point the corresponding 
concentrations are x+dx and y+dy Since equality of input 
and output demands that any solute removed from the gas m 
this section be taken up by the liquid, it follows that Gdy—Ldx 
Furthermore, since continuity of operation is assumed, L and G 
aie constants for any fixed conditions of operation It is, there- 
foie, possible to integrate this equation directly, obtaining Gy = 
Lx + constant This equality may also be written 

G{y-yQ)=L(x-XQ) . . (1) 

Inspection of this equation shows that in any such continuous, 
counter-current system, y must of necessity be linear in x 
Because this relation was derived solely from an equality of 
input and output, it must hold whatever the character of the 
equilibria between the phases, the type of apparatus, the intimacy 
of contact, the relative velocities of flow or any other similar 
iclationships however important from other points of view. 
It does, however, postulate steady rates of flow of both gas and 
liquid. 

Minimum Ratio of Liquid to Gas. — As a specific case con- 
sider the drying of air by sulphuric acid The equilibrium rela- 
'tionship between air and sulphuric acid is given by the curve 
OABC m Fig 172 ^ Obviously, sulphuric acid can absorb water 
only from air containing more than corresponds to this equilibrium , 
^ e , any air being dried by sulphuric must correspond to points 
to the left of this curve Furthermore, if one assume air entering 
such a system with a moisture content yi = 0 016 (Fig 173) 
being treated with sulphuric with an initial moisture content 
xo = 0 60, the moisture in the air being ultimately reduced to 
yo==0 006 and the water content of the acid rising to 0^1=1 4, 
it follows from the preceding paragraph that the concentrations 
of moisture m both the air and the acid throughout the apparatus 
must be represented by the line EF Such a line must always he 
to the left of the equilibrium curve and furthermore it can never 
cross that curve although, theoretically at least, it can touch it 
However, if it touches the equilibrium curve, tangentially or 
otherwise, at that point gas and liquid are at equilibrium or 

^ Based on data given by R E Wilson. Jour Ind Eng Chem j 13, 
No 4 (April, 1921), 326 
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only differentially separated from it, so that rate of transfer of 
solute from gas to liquid in the neighborhood of that point is 
negligible, requiring, therefore, infinitely large surface of contact, 
which IS equivalent to a negligible capacity for any apparatus of 
finite size 

Inspection of Eq (1) shows that the slope of the line EF 
is the ratio of liquid absorbent to gas treated, in this case 0 0125 
lb of H2SO4 per pound of bone dry air Since m general it is 
desiiable to use as little absorbent as practicable, it is important 
to keep this slope low Assume, for example, that it be required 
to dry air down to a moisture content 2/0 = 0 006 with acid enter- 
ing the system with a concentration a;o = 0 6 This corresponds 
to point F on Fig 173 The flattest line which can be drawn 
through F and reach the high water content 2/1 = 0 016 without 
crossing the equilibrium curve is obviously the line FH^ tangent 
to the equilibrium cuive at /. The slope of this line (0 016 — 
0 006) / (2 26 — 0 6) = 0 006 lb of H2SO4 per pound of bone dry air 
therefoie represents the smallest ratio of acid to air which it is 
theoretically possible to employ in drying air of high moisture 
content 2/1 to the low moisture content 2/0 by the use of acid with 
initial water content of Xo Furthermore, since in such a system 
one would of necessity approach equilibrium in the middle of 
the absorber, it follows that the air-treatmg capacity of the 
absorber would be negligibly small or else the size of the absorber 
infinitely great 

If, however, the initial air to be treated contain less moisture 
than corresponds to point J, it then becomes possible to draw 
flatter lineS; i e,, to use less acid per lb of air and still stay on 
the left of the equilibrium curve. This diagram therefore makes 
it possible for one to determine directly the theoretically minimum 
amount of liquid absorbent necessary for any particular case 
It IS obvious that the amount actually employed will of necessity 
exceed this minimum by k margin sufficient to furnish reasonable 
capacity. / 

Absorption Eate 

On pages 651 to 659 it was shown that the instantaneous 
rate of transfer of material from the one phase to the other 
IS proportional to the surface of contact between the phases 
and to the concentration gradient through each of the two 
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surface films on the two sides of the interface, the two phases 
being at equilibrium at the interface itself It therefore follows 
that m Fig 173 the equilibrium curve OABC represents the 
mterfacial conditions, ^ e , at each point in the apparatus the 
concentrations there existing at the interface must fall somewhere 
on this curve Calling ko and kL the individual or film coefficients 
of the gas and liquid films respectively, A the area of cross- 



Fig 174 — Absorption Diagram 

section of the apparatus, a the mterfacial surface of contact 
between the gas and the liquid per unit volume of the apparatus,^ 
and Xe and ye the liquid and gaseous concentrations at equilibrium 
and therefore also at the interface, the rate of transfer of material 
can be expressed as follows: 
dW 

—Ldx = kLaA {Xe —x)dl -Gdy = koaA (y —ye)dl (2) 

Liquid-film Controlling. — In Fig 174 the equilibrium curve 
and the line FE of Fig 173 are reproduced The point P on the 
line FE represents the conditions in liquid and gas respectively 
at a certain point in the absorber, where the liquid and gas con- 
centrations are x and 2/, respectively Assume for the ii:istant 
^ Obviously S, the total mterfacial surface, equals aAl 
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that in this particular case the diffusional resistance is mainly 
in the liquid film and that the gas-film resistance is negligible, 
^ e , that the liquid film is the controlling factor (see p 656) 
This IS equivalent to saying that the concentration gradient 
through the gas film is negligible, or that the gas concentration 
at the interface is essentially identical with the concentration 
in the bulk of the gas y It therefore follows that the interfacial 



Fig 175 — Graphical Integration, Liquid Film Controlling 


conditions are lepresented by point B in Fig 174, at which the 
concentration in the gas film at the interface is equal to that 
in the mam body of the gas, while the concentration in the liquid 
film at the interface has the value Xe. Therefore, the driving 
force causing diffusion in Eq (2) is numerically equal to Xe—x, 
corresponding to the length of the line PB 
Rewriting Eq (2) in the form, 

dx _kLaAdl 




it is seen that, granting a knowledge of the constants a, and A, 
one can calculate the length of absorber necessary by evaluating 
the integral, dx/(xe~-x) This may be done by plotting the 
reciprocal of versus x This has been done in Fig 175 and 
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the cross-hatched area represents the value of the intef^ral in 
question, and is numerically equal to LlclAI/L In this way it is 
possible to determine the volume of absorber necessary for any 
desired operation, once the constants of the equipment are known 
for the case in question 

Gas -film Controlling. — Assume, on the other hand, that this 
IS a case in which the gas film is conti oiling, ^ e , m which the 
resistance of the gas film is considerable and that of the liquid 
film negligible (see pp 655 to 656) Since the concentration in 
the liquid film at the interface will be substantially equal to that 
in the main body of the liquid Xj it follows that the interfacial 
conditions will correspond to the point A (Fig 174) Further- 
more, the driving force causing diffusion through the gas film is 
y—yej corresponding to the line PA in Fig 174 It is obvious 
that Eq (2) can be graphically integrated for this case by a 
method entirely analogous to that given above, ^ e , by plotting 

^'ersus y, the area under the curve being equal to — 

Illustration 1 — In drying air for a certain process a sulphuric acid 
absorption tower is employed The entering acid contains 90 8 per cent 
H2SO4 by weight, and its concentration drops to 47 6 per cent H2SO4 in 
passing through the tower The air enters at 25° C with aielative humid- 
ity of 70 per cent, and analysis of the effluent air shows 3 09 g of moisture 
per cubic meter of bone-dry air at 25° C and normal barometer. The tower 
is equipped with lead cooling coils to maintain it at substantially constant 
temperature throughout and operates at 25° C 

It IS necessary to build a second tower for the same capacity as the 
present one, to meet the same operating conditions, except that the new 
tower IS to be designed for a rate of flow of acid twice that now employed 
WTaat will be the necessary size of the new tower, expressed as a percentage 
of the size of the present tower 

Notes. — For equilibrium data, see Fig 172 (p 678) Vapor pressure of 
water at 25° C is 23 76 mm of mercury The gas-film resistance may be 
assumed of controlling importance 

Solution to Illustration 1 Present Condihons — The partial pressure of 
water vapor in the entering air is (23 76) (0 70) = 16 63 mm of mercury 
_ 16 63 (18 02) _ Pounds water vapor 

^‘“(760-16 6) (29)“ Pomd bone-dry air 

_ 100 —47 6 _ . - « Pounds water 
47 6 ^ Pound ISSOT 

273 

A cubic meter of dry air at 25° C =1,000 liters = 1,0002)^2^3^ =916 
liters at standard conditions of temperature and pressure However, since 
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y 

Ur 

i/~V^ 

1 

y-ye 

0 0020 

0 

0 0026 

384 

0 0036 

0 0001 

0 0035 

285 

0 00582 

0 00082 

0 0050 

200 

0 0081 

0 0026 

0 0055 

182 

0 0104 

0 00504 

0 00530 

187 

0 01268 

0 00726 

I 0 00542 

185 

0 01390 

0 00822 

0,00566 

177 
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In Fig 177 the values of l/{y-ye) are plotted ve7 6us y foi values of y 


from 0 0026 to 0 0139 

The area under the curve BC is 46 1 squares Each square is 
(0 001) =0.05 units, hence the area is 2 31 units, ^ e , 



«0 0139 

lO 0026 


31= 

-Ve 


KaaAl 

G 


Kgo^ 

Cx 


(50) 



Fig 177 — Graphical Integration, Gas Film Controlling 

New Cond%hons — The slope of the operating line equals pounds of 
H2SO4 per pound of bone-dry air The operating line for the new conditions 
will have a slope twice as high as in the present tower 

blope for present conditions iQl" ~ ^ Olid. 

m 0 0139-0 0026 ^ 

Slope for new conditions == ~0 022b, 

Xi— 0.101 

whence ti ==0 601 

Figure 176 also shows the operating line for the ^^i^jew-tawer The follow- 
ing table gives the values of corresponding to various values of y as read 
from Fig 176, based on the operating line for the new tower 
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V 

V. 

y ~ V. 

1 

y - yc 

0 0026 

0 

0 0026 

384 

0 00465 

0 0001 

0 00455 

220 

0 00695 

0 00035 

0 00660 

152 

0 00925 

0 00082 

0 00843 

119 

0 01155 

0 0016 

0 00995 

101 

0 0139 

0 0026 

0 01123 

89 


rhobc valueb ot 1, — foi the new tower have been plotted versus y in 

Fig 177, foi values of y from 0 0026 to 0 0139 

The area undei the curve BD ib 34 2 squares Since each square is (50) 
(0 001) ~0 05 units, the aica is 1 71 units —KoaAllG 

Inasinu(‘h as the exact effect of gas velocity on Koa for this case has not 
been dctci mined, the gas velocitv G in the new tower will be made the same 
as m the present towei, requiring the same value of the cross section A as at 
present 

Hence 74 

Zpro&ont (2 3 iG/iVGttA) present 

Therefoic, the height of the nev tower should be 74 per cent of the height 
of the piesent tower 

Illustration 2 — In drying air for a certain process a sulphuru‘ acid 
counter-cuiient abborption towei is employed The entering acid contains 
90 8 per cent HjS04 by weight and its concentration drops to 4b G per cent 
H2SO4 m passing through the tower. The air enters at 25° C with a dew 
point of 13 0° C , and analysis of the effluent air shows 3 09 g of moisturt‘ 
per cubic meter of bone-dry air at 25° C and normal barometer The 
tower lb equipped with lead cooling coils to maintain it at substantially 
constant tcunperatuie throughout and operates at 25° C 

Suppose that the entering air should increase in moisture content the 
worst possible case would bo for the air to enter saturated at 25° C Tor 
this case, without changing the tower, would it be possible to reduce the 
moisture content of the effluent air to the same value as before*^ If so, how 
much acid would have to be used*'^ 

Notes. — For the equilibrium curve at 25° C , see Fig 172 (p 678) 
Barometer 760 mm of mercury. 

Vapor tension of water at 25° C is 23 7 mm Ilg , and at 13 0 C , 11 23 
mm. Th(‘ gas-filrn resistance may be assumed of controlling importance 
Solution to Illustration 2 Present Cond%t%otii^ — Since the entering air 
has a dew point of 13 0° C , at which temperature the saturation pressure ol 
water IS 11 23 mm of meremry, 

(760 -11 ^23hL~ 0) 

Also from the humidity chart, Fig 102 (p 448), the humidity of air with a 
dew point of 55 4° F (13 0° C.) is found to be 0 0093 lb of water per pound 
of dry air. 
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_(3 09) (0 0283) (359) (298) _ Pwindb UaO 

(454) (29) (273) Pound dry an 

100 — 90 8 ^1^.0 Pound H2O 

90 8" ‘Pound H, so: 

_ 100-46 6_^ Pound :^q_ 

46 6 - Pound) HaS'Oi 

These coordinates determine the operating line, which is plotted in Fig 178 
on the equilibrium diagram 

By Eq (2), Gdy — KoOLAdl (2/ -"2/e) Hence, 

F' dy KeaAl NoaV 



Fig 178- 


.2 16 20 
X-LBS.WATERPEKLB H2SO4 

-Absorption Diagram for Problem 2 


The following table shows the values of 2/e corresponding to the various 
values of 2/, as read from Fig 178 


V 

Ve 

y-Ve ^ 

1 

y-y. 

0 0093 

0 0086 

0 0007 

1430 

0 0083 

0 00726 

0 00104 

962 

0 0070 

0 00503 

0 00197 

507 

0 00573 

0 0026 

0 00313 

320 

0 00422 

0 00083 

0 00339 

295 

0 00360 

0 0001 

0 00350 

285 

0 00260 

ml 

0 0026 

384 
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In Fig 179, the values of l/iy-yO are plotted vetsm y for values of y from 
?/= 0 0093 to ?/ =0 0026 


The area! under the ciiive is 3 


^ ^KoaAl __KGaV 

a “ G ■ 



Fig. 179 — Graphical Integration for Problem 2. 


New Conditions, 

,, __(23_7) (18 02) - Pounds H 2 O 

(76(P-23 7) (29) ” Pound dry air 

tjQ =0 0020 as before 
a;u=0 1013 as before 

Sm<*e th(‘ tower itself and the flow of dry air remain unchanged, the 
values of Koa, .4, and G arc unchanged; therefore, the area KoaAl/G must 
remain constant The n(‘w limits of y are known to bo 0 020 and 0 0026. 
The operating line must pass through the point xo =0 1013, 2^0 = 0 0026. A 
^ The area is 16 5 squares, and since each square equals (0 002) (100) = 
0 2 unit, the area equals 3 3. 
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value of Xi is assumed, and the corresponding values of l/(y~ye) arc plotted 
versus m Fig 179 By trial and error it is found that an area of 3 3 is 
obtained when is taken as 1 63 The new conditions aie now fulfilled, 
and it IS found that the same tower will give the desired quality and quantity 
of gas when = 1 63 The slope of the operating line gives pounds H2SO4 
per pound of dry air 
Present Condihons 


0 0093-0 0026 

Slope 


= 0 00642 


Per 100 lb of dry entering air, the weight of 90 8 per cent entering acid = 
100(0 00642) /O 90S = 0 707 lb 
New Condthons 


0 020-0 0026 
Slope- ^ 


= 0 0114 


Per 100 lb of bone dry air, the weight of 90 8 per cent entering acid =100 
(0 0114/0 908 = 1 25 lb The concentration of the effluent acid for the new 
conditions will be 100(1)/(1 63 + 1) =38 0 per cent H 2 SO 4 , as compared with 
46 6 per cent H 2 SO 4 under present conditions 


Summary 



Present 

conditions 

New 

conditions 

2/1 

0 0093 

0 0200 

2/0 

0 0026 

0 0026 


0 1013 

0 1013 

Xi 1 

1 145 

1 63 

KoaAllG 

Pounds entering 90 8 per cent H 2 SO 4 per 100 

3 3 

3 3 

pounds dry air 

0 707 

1 25 

Pounds water removed per 100 lb dry air 

0 670 

1 74 

Per cent H 2 SO 4 m effluent acid 

46 6 

38 0 


One finds that the present tower can be made to handle the saturated 
an, requiring the absorption of over twice the water removed at present, by 
increasing the entering acid from 0 71 to 1 25 lb of 90 8 per cent H 2 SO 4 
per 100 lb of bone-dry air As a result the effiuent acid will contain only 
38 per cent H 2 SO 4 instead of 46 6 

Note. — If the tower of Illustration 2 had been smaller, so that the 
effluent air, under both present and new conditions, had contained 6 11 g 
of moisture per cubic meter of bone-dr^’- air, calculation shows that the 
effluent acid would have to contain 50 per cent H 2 SO 4 under the new con- 
ditions, as contrasted with an effluent acid containing 38 per cent H 2 SO 4 
for the new conditions of Illustration 2 In other words, in problems of this 
sort one cannot predict in advance whether the effluent acid under the new 
conditions will be stronger or weaker than under the old conditions Foi 
the conditions outlined above calculation shows that the tower will be 49 
per cent as tall as the tower of Illustration 2, 
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General Case.- — In those nnpoitant cases in which both gas 
and liquid film lesistanccs must be taken into account, the 
giaphical method of computation is of especial value It is cleai 
fiom Equation 2, p 680, (see also p 658) that =('?/“■ ye)/ 
(x, — x) Gi anting now that the ratio of the liquid and gas-film 
coefficients is known, by drawing through point P a line PD 
(Fig 180), the slope of which equals kL/ka, it will be cleai that the 
intersection D of this Line with the equilibrium cuive OABC is 
the only point on the equilibrium curve which can possibly fulfil 



Fig ISO — General Case 


this last lelationship It, therefoie, follows that for such a case 
the concentration gradient through the gas film y'—y, is equal to 
the line DM or PN, and that the gradient through the liquid film 
Xe—xis equal to the line DN or PM. In such a case the area curve 
is obtained by using these lines instead of one of the lines PA or 
PB, as befoic Fiom inspection it is obvious that PN is always 
less than PA, and PM less than PB; i e , the areas under the 
reciprocal curves arc always greater. In other words, the rate of 
transfer through two films in series is less than if one film alone 
were present 

The preceding discussion has been based on the assumption 
that the driving forces or differences in potential XP and AC 
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aie piopoitional to the concontiation giadients Ai/ and Ai 
It can leadily be shown that, wheie concentiations are low, this 
IS substantially true, but where concentiations aie high, it is not 
true In the latter case the diagrams of Figs 174 to 180 should 
be constructed, not in terms of y and Xj but in terms of partial 
pressures and concentrations P and C, or of whatever units ol 
concentration must be chosen such that differences in concentra- 
tions expressed in these units arc proportional to diffusion rates 
On this diagram of P veisus C the equilibrium cuive should be 



Fig 181 — Henry’s Law 

drawn The actual curve, corresponding to the line FE, can be 
drawn by computation most conveniently by constructing first an 
auxiliary x~y diagram and transfernng the corresponding points 
from this diagram to the P— C plane The FE line will not be 
straight in the P— C plane 

Henry’s Law. — Figure 181 is a diagram similar to the two 
preceding ones for the case in which the concentiation m the 
liquid phase is directly propoitional to that in the gaseous phase, 
i e , y-ax Study of this diagram will show that, whatever the 
ratio of liquid-film to gas-film coefficient ki/koy provided only 
that this ratio remains constant throughout the apparatus, at 
any particular point in the apparatus the actual driving force 
through the gas film PN divided by the vertical line PA, le , 
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the chiving foice on tho assumption that the losistance is entirely 
m the gas film, is numerically identical with this latio at any other 
pomii Since this ratio is constant thioughoiit the apparatus, 
it therefoie follows that the assumption of gas-film lesistance 
only 01, what is the eciiiivalent to tho same thing, the use of the 
line PA as the driving force will give a computed driving force 
propoitional to the tine one In othci words, it is allowable to 
assume a single film lesistance for such a case, for, while the 
coefficient thus computed will differ from the true one, it will be 
constant and can be employed without hesitation Similar 
analysis will show that it is equally allowable to assume the liquid 
film as conti oiling, foi analogous leasons In consequence, in 
those cases where Ilemy’s law applies, it is usual and entirely 
allowable to assume eithei gas-film or liquid-film resistance only, 
neglecting the other one It must, howevei , be kept in mind that 
the coefficients thus computed are not tiue gas-film oi liquid-film 
coefficients, but are overall in charactei Fuithennoie, their 
numerical values will vaiy with any changes in opeiatmg con- 
ditions which modify eithei the absolute or the relative resistances 
of the two films 

Further study of Fig 181 (see p 690) will make it clear that 
in this case the average driving force is the logarithmic mean of 
the driving forces at the beginning and end of the system, but 
that this simplification can be used only where Henry’s law 
applies ^ The possibility of using the logarithmic mean makes 
it easier to compute the performance of such a system algebrai- 
cally than by the use of the graphical method outlined above, the 
formulas to be employed being as follows 

G(//i -Vo) =2/^- = A>A/(A?y)av (4) 

where (Ay)^y is the logarithmic mean of the overall driving 
forces at the top and bottom of the tower 

L(x, -To) =K,aAl(Ax)„ . (5) 

^ Unfortunately in the past the limitations on tho applicability of th(^ 
logarithmic mean for (‘omputation of absorption procesbcs have not alwa> ►'• 
been appreciated One must not yield to the temptation of employing either 
of these simple forms of the general case where its applicability is open to 
question Occasionally, however, the use of the logaiithmic mean is allow- 
able even though Henry’s law does not apply, as for example, in the case of 
gases sufficiently soluble so that throughout the range involved the back 
pressure over tho solution is negligible and gas film is controlling 
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where (Ax)av is the logarithmic mean of the overall driving 
forces at the top and bottom of the towei 

In Eqs (4) and (5), foi low concentrations the values of Ax 
and Ay may be expressed in the stoichiometric units defined on 
page 676, for higher concentrations, Ay must m general be 
expressed in terms of pressure difference AP, and Ax as concen- 
tration difference AC (see p 689) For very high concentrations 
the graphical methods must be used in terms of AP and AC. 

Illustration 3 — In a continuous hght-oil recovery plant, light oil is 
absorbed from coke-oven gas by solution in mineral oil, in a counter-flow 
absorption tower The mineral oil enters the top of the tower with a 
negligible concentration of light oil, and the rich oil leaves the bottom with 
2 lb of benzene per 100 lb of mineral oil The gas treated contains 1 2 per 
cent by volume of benzene, toluene, xylenes, and similar hydrocarbons 
The absorber recovers 86 per cent of the benzene in the entering gas and 
operates at 20° C and at substantially normal barometric pressure 

What percentage recovery of the toluene, xylenes, and other hydro- 
carbons may be expected in this tower, neglecting the influence ol the 
presence of the other components also absorbed, upon the vapor pressure of 
the benzene absorbed by the mineral oiT^ 

Data — The light oil in the entering gas contains 67 mol per cent of ben- 
zene, 12 per cent of toluene, and 7 1 per cent of xylenes The remaining 
hydrocarbons, while constituting a very complex mixture, have an average 
boiling point ot approximately 136° C and an average molecular weight of 
110 The light-oil solution at 20° C follow Raoult’s law when the average 
molecular weight of the oil is taken as 220 The gas-film resistance may be 
assumed to be of conti oiling importance 


Vapor pressure at 20° C 

Benzene 

Toluene 

Xylenes 

Remaining 
hydro caiborib 

Millimeters of mercury 

75 

1 22 

5 2 

5 4 

Average molecular weight 

78 

92 

106 

110 


Solution — Assuming that the fiiction drop through the tower is such 
that the partial pressure of the coke-oven gas is substantially constant, one 
can compute the light oil absorbed from the decrease in light-oil pressure. 
Even if friction were negligible, thus causing the piessure of the coke-oven 
gas to increase somewhat, this assumption would introduce little error in 
this case, since the original percentage of light oil in the coal gas is so small 
First, the value of KaoV will be determined from the data regarding the 
fomzene absorbed Equation (4) (p 691) is as follows, 

W 

^ ^KaaV(Ay) av 

This equation will be used with the driving force Ay expressed as a pressure 
difference (Ap)av Let P represent the partial pressure of benzene in the gas 
and p the pressure of benzene m equilibrium with the wash oil, both m milli- 
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meters of merciii\ As usual, the subscripts 0 and 1 refei to the top and 
bottom of the tower, lespectively 



^ (Unit time) (Unit volume of tower) (Atmospheiic driving force, 

expicssed in atmospheies) 


0 — Total mols of coke-oven gas per unit time 
\V 

~ = Mols absorbed pei unit time ~G{Pi — Po) /760 

u 

Volume of tower = AZ 

(A;>)av = Average driving force, in millimeters of merciir\ 

The light-oil pressure m the entering gas is 760 (0 012) =9 12 mm 
Pi =9 12(0 67) =6 11 mm , Po=6 11 (0 14) =0 856 mm 
Basis = 100 lb of absorbent oil, free from light oil 
2/78=0 0257 mols benzene absoibed 
100/220 = 0 454 mols oil 

Neglecting the presence of the hvdrocarbons absorbed, other than lienzene, 
the total mols ot liquid leaving arc 0 48 (see note at end of solution) IVIol 
Iraction of benzene in solution at exit =0 0257/(0 0257 +0 454) =0 0535 = j i 
By Raoult’s law, = 75(0 0534) =4 01 mm 

Since the mol fraction of benzene m the entering wash oil=0 = r-o, po=0 
Then (Ap)i =0 11 -4 01 =2 10, (Ap)o =0 856-0 = 0 856 


Whence 



2 i(y 

3 log 


-0 86 _ 

72 10 1 

1 0 856 1 


= 1 


39 mm 


d \ 760 / 760 


Pi-^^ 

(Ap)av 


KoaV 

G 


6 11-0 86 » , 

^ 1 39" “d /o foi benzene 


Dertvaiion of Equation foi RecoiH>ry of Any Paihciilar Component of the 
Light-Ohl Vajm 

m = Mol fraction of component in entering hght-oil gas 
2 = Fraction of this component remaining unabsorbed when gas leaves 
scrubber. 

T = Vapor pressure of this component at 20® C , m millimeters of mercur\ 
Then Pi =9 I2m P„ =9 12wz Pi -Po -9 12m(l “^ 2 ) 

Basis = 100 lb of wash oil or 0 454 lb mols. 

Mols benzene al)sorbed = 0 0257 
IMols benzene m entering gas = 0 0257/0 86 =0 0299 
]\Iols component m entering gas = 0 0299/«/0 67=0 0446w 
Mols (‘omponent absoibed =0 0446/n(l — 2 ) 

Pi = r(().()446)w (l-g)/0.480 = 0 0929m(l-«) T 
(A/>) 1 -Pi -Pi = ^//[9 12-0 0929r(l -z)] 

/)o = 0, A7 >o-Po“0 = w9 122! 


m 1o^ ^ 1 12-0 0929T (l-z)] 

12) (1-^) (2 3) log [ J 

fAn)av ■” W[9 12-0 0929r 122 ] 


KaaV 


(a) 
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(Px~Po)/(ApU=KGaV/G. 

and the only term in the right-hand side of this equation, which changes with 
the component itself, is Kga But as shown on page 661, for these units 
KgCl varies inversely as the square root of M, the molecular weight of the 
gas absorbed Since KoaV/G =3 7S for benzene, where M =7S, for any 
component, 

KoaV /G 7&VTS/V M=SS Wm ( 6 ) 

Eliminating KcaV JG from Eqs (a) and (6) one obtains 


-0 1487 


1-0 01027 (1-z) 


Since the mol fraction m, of the component in the entering gas drops out of 
the equation, it is seen that the fraction of the given component absorbed 
depends only upon its molecular weight M and vapor pressure 7 Sub- 
stituting the proper values for ilf and 7 in Eq (c), one obtains the following 
results, 


For the toluene' 

M =92, T = 22, whence z=9 053 
For the xylenes 

M = 106, 7 = 52, whence 2 = 0 044 
For the remavmng hydrocarbons 
ilif = 110, 7 = 5 4, whence 2 = 0 047 

The following table summarizes the results 


Component 

Benzene 

Toluene 

Xylenes 

Remaining hydrocarbons 


Per Cent Recovery 
86 0 

94 7 

95 6 
95 3 


Note — To investigate the error m basing x only upon the mols of oil 
and benzene, rather than upon total mols, one must calculate the mols of 
toluene, xylene, and remaining hydrocarbons dissolved Assuming 95 per 
cent recovery for all except benzene, the additional mols =0 0446?^/(l — 2 ) 
Taking m as 0 35 and 1 —2 as 0 95, one obtains 0 014 mol Hence, the 
revised value of x for benzene would be 0 0257/(0 480+0 014) =0 0520 
versus 0 0535, or an error of 3 per cent, which would make little ditforcncc 
in the answers 

Illustration 4 . — It is proposed to recover 6,000 lb per 24 hr of SOj from 
smelter gas containing 3 5 per cent SO 2 by volume, by scrubbing the gases 
with water in a counter-current absorption tower packed with 1-in coke 
There are available 1,500,000 cu ft per 24 hr of a smelter gas saturated 
with water vapor at 68° F and at normal barometric pressure The 
effluent liquor is then to be rectified under pressure and the SO 2 vapor 
condensed to give liquid SO 2 

On the basis of the data and assumptions given below, calculate the 
diameter and height of the absorption tower required. 
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Bata and Assumptions — Tt is n^ 2 :roocl lliai in no cnso should the siipoi- 
fifuil i 2 ;as velocity evceed 1 ft poi second, and the liquor rate is not to e\(‘eed 
50 lb pei minute pin square loot of f>;ionnd area The moleculai weij>;ht of 
the dry inert gas ma'\" bo taken as 2S 7 At 68° F , the vapoi pressure ot 
watei is 17 5 mni of meiciirv Capacity coefficients for this case have been 
determined, see Fig 191 (p 713) Foi the sake of illustration, assume that 
the watei used is 25 per cent in excess of the minimum amount coi responding 
to equilibrium between gas and liquor at the bottom of the tower The 
appended table shows the equilibrium data foi SOj and water at 68° F 


Equilibrium Solubilit\i of SO 2 in W\ter at 68° F 


! 

Lb SO 2 /IOOO lb of watei 

1 0 

2 0 

3 0 

5 

0 

7 

0 

SO 2 pressuie, millimetc'rs of mercurv 

i 

3 2 

8 5 

14 1 

26 

0 

39 

0 


■••T K Shciwood, Ind Eng Chem , 17, No 7 (July 1925), 745 


Solution to Illustration 4. Cioss-hectional Area of Towci — If the super- 
ficial gas velocity be taken as 1 ft pei second, the value of A would be 
(1,500,000) /(24) (3,600) (1) = 17 3 sq ft of total cross section 

The paitial pressuie of SO 2 m the enteimg gas is 0 035(760) =26 6 mm 
of merciuy From the table given, interpolation shows that the liquid m 
equihbnum with such gas contains 0 00509 lb of SO 2 per pound of water 
Since the weight of ISO 2 to be absoibcd is 6000/(24) =4 17 lb , per minute 
the minimnrn wafei lequirccl \m 11 be 4 17/0 00509 = 820 lb per minute 
Since it IS agreed to use 25 per cent excess water, the actual watei used will 
be 820(1 25) = 1,025 lb per minute If the maximum allowable liquor 
velocity of 50 lb per minute per square foot be used, the ground area of the 
towel will he (1,025+4 17)/50=20 5 sq ft Hence, in this case the cross- 
section IS determined by the maximum allowable water rate The corre- 
sponding diameter of the tower will equal '\/20 5/0 785 =5 16 ft , or 5 ft. 
2 in The actual gas velocity will be 1,500,000/(24) (2,600) (20 5) = 0 848 
ft per second 

1 Height of Toum, Based on the Logaiithimc Alean A 2 . — The size of the 
tower will first be calculated based on the logarithmic mean driving foree 
(Ax)av The actual weight ratio of SO 2 to water m the effluent liquor Xi 
will be 4 17/1,025 =0 00407 From the table of eqiulibiium data one finds 
that the value of m equilibrium with the SO 2 piessure of 26.6 mm , is 
0.00509 lb BO 2 per pound of water. The value of the dnvmg force at the 
liottom of the towei (Aj)t = 0 00509 -"0 00407 = 0 00102 

To calculate* the SO 2 pressuie m the gas at the top of the tower, a material 


balance is used, basis = 1 mm 
J[, 500, 000 (492) 
24 (60) (528) (359) 
2 70 (0 035) = 

4 17/64 = 


70 mols entering gases 

0 0947 mol SO 2 entering. 
0 0652 mol SO 2 absorbed. 


By difference 0 0295 mol SO 2 m exit gas. 

The tower would therefore recover 100(0 0652/0 0947) =68 8 per cent of the 
SO 2 m the entering gas 
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Watei vapoi condcubcd pci minute =0 0652(17 5/742 5) =0 00153 lb 
mol Since the watei vapor in the entering gab is 2 70(17 5/742 5) =0 0537 
mol per minute, the water vapor in the exit gas is 0 0637—0 0015 =0 0622 
mol per minute 



Mols per minute 


In entering 
gas 

In exit gas 

Removed 

SO 2 gas 

H 2 O vapor 

Inert gas 

0 0947 

0 0637 

2 54 

0 0295 

0 0622 

2 54 

0 0652 

0 0015 

none 

Total mols 

2 70 

2 63 

1 

0 07 


X. 0 0295 (760) o CO 

Hence, 


By interpolation from the table of equilibrium data, the value of Xe at the 
top, corresponding to 8 53 mm , is 0 00201 lb SO 2 per pound of water 
Since fresh water enters at the top, rco^zero, and (Ar)o = 0 00201 —0 = 
0 00201 Using the logarithmic mean value of A^, 


(Aa3)av — 


0 00201-0 00102 


2 Slog 


0 00201 
0 00102 


-0 00146 


The value of I/Kog from Fig 191 is determined by the value of 1/^^ * 
The value of g varies only slightly at different points m the tower, hence the 
smallest value of g, that at the top, will be taken 


Pounds 802=0 0295(64)= 1 9 

Pounds dry inert gas = (2 54) (28 7) = 72 9 

Pounds H 2 O vapor = (0 0622) (18) = 1 1 


Pounds exit gas per minute 75 9 

75 9 

Mass velocity 3 70 lb per minute pei square ioot—g 

o 

?: =0 0954 From Fig 191, the corresponding 

3 90 8^50 

\alue of I/Kog—SSSj and hence 

Ka —O 00296 

^ ’ (minute) (cubic foot tower) (millimeter of mercury Ap) 

The above value of Kao was determined from data at 56° F , whereas this 
tower IS to operate at 68° F While to, and hence Kao, would increase 
somewhat from 56 to 68° F , such change will be ignored, thereby intro- 
ducing a small factor of safety in the design 

To convert from Koa to K^aj one remembers that Kia — Koa/H, see 
p 658 Since the Henry’s law coefficient H vanes with x, H will be 
determined for an average value of a; of 0 002, where the equilibrium SO 2 
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pressure is 8 5 ram, whence 27 — 0 002/8 5 = 0 000235 Hence Klci = 
0 00296/0 000235 = 12 6 

Since the SOj absorbed is 4 17 lb per minute, and =0 00146, 

(W(oloi46r 

Since the gioiind area is 20 5 sq ft , the height of I of packing equals 227/- 
20 5 = 11 feet 

2 Height of Towe^ Based on LoqaritJumc Mean Ap — If the same problem 
be solved, based on the overall coefficient on the gas-fihu basis, one finds the 
following values 



(Ap)i =26,6-205 = 6 1, (Ap)o = 8 53-0=8 53 
(AP)av =7 29 ram , Koa — 0 00296 

’'TjWW 00296)-“-^'' "■* * '• 

Th(‘ discrepancy between the values of Z, 11 and 9 4, is due to the fact that 
Henry’s law does not hold, and hence the logarithmic mean driving force is 
incorrect 

3 Height of Tower Calculated from a Graphical Integration, Based on 
Kja — It now becomes necessary to plot the equilibrium curve in stoichio- 
metric units y versus x For example, when x=^0 002 lb, SO 2 per pound of 
water, p=8 5 mm, and the corresponding value of y = (8 5) (64)/ (760 — 
8 5 — 17 5) (28 7) =0 0258 lb SO 2 per pound of inert Eepeatmg for other 
values of x, the corresponding values of y are plotted versus x, giving the 
equilibrium curve OABC of Fig 182 
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The coordinates of the ends of the operating line arc as follows 


2/1 = 


(26 6) (64) 


(760-26 6-17 5) (28 7) 




(8 53 )(64) 


=0 0829, xi=0 00407 
- =0 0259, Xo —zeio 


(760-8 53-17 5) (28 7) 

These values are plotted on Fig 182, and are connected by the lino FE, giving 
the operating line The horizontal distances between FE and OABC 
represent the numerical values of the driving force %e — x The area undei 
the curve of 1/{xq—x) versus x, between the limits of ai=0 00407 and a = 0 
gives 2 75. 

=0 00407 

=2i^aAl/L. 




Or 2 75 -(12 6) (20 5)(Z)/1,025, whence Z-109 ft, 

4 Calculation of Height from Graphical Integration, Based on Kga — 
The values of y—ye are determined by the vertical distances between the 
operating line FE and the equilibrium curve OABC of Fig 182 Upon 
plotting the reciprocal of (y—ye) versus y, the area between yi =0 0829 
and y =0 0259 is found to be 2 23=K’(ja Al/G = ^ 967(20 b)l/I2 9, whence 
Z=8 2 ft 


Summary. 

Height of Tower, 
Expressed in Feet 


1 Kia and logarithmic mean Aa; 110 

2 and graphical integration, da;/ (oje —a;) 10 9 

3 Koa and logarithmic mean Ap 9 4 

4 iC(?a and graphical integration, d 2 //( 2 /—?/e) 8 2 


One, therefore, concludes that the height calculated from the logarithmic 
mean Ax is safe in cases of this kind, i e , where the equilibrium curve of y 
versus x is concave upwards, see Fig 182 In this case the factor of safety 
introduced by using the logarithmic mean is only 1 per cent of the value 
calculated from the graphical integration of dx/(xc—x) This deviation is 
small because the equilibrium relation between y and x is almost linear over 
the range involved, i e , from A to C 

The height calculated from the logaiithmic mean Ap is 15 pei cent 
greater than that based on the graphical integration of dy/(y — ye), the 
increased deviation being due to the fact that the equilibrium relation has 
considerable curvature over the range involved, from 0 to B 

Of the two heights calculated from the graphical integrations, that based 
on Kha IS the more reliable, as under these operating conditions the liquor- 
film resistance^ is the major fraction of the total resistance, 212/338 or 
62 7 per cent 

To offset the lack of absolute reproducibility of the overall coefficients, 
and to allow for uncertainties in operating conditions, a factor of safety of 
roughly 50 per cent is recommended, hence the tower should be 10 9(1 5) ft. 
tall, say 16 ft. 

1 As shown by Fig 191, the intercept is 212, versus l/Koa - 338 
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Notes on Operation op Scrubbers 

Complex Mixtures. — The pieceding discussion has been 
limited to the assumption that one is absoibmg only a single 
component fiom the gas Fieqiiently, however, a numbei of 
components are dissolved Sometimes it is desiiable to dissolve 
a whole gioup of compounds, e g ,m the recovery of light oil from 
coke-oven gas, one wishes to secuie not only the benzene but also 
toluene, xylene and other high boiling hydrocaibons, as discussed 
m the illustration on p 692 In other cases, the solution of 
ceitain components is undesirable, but unavoidable because of 
then solubility, as in the solution of hydrogen sulphide and 
caibon dioxide m the ammonia hquor obtained by scrubbing 
ammonia out of coal gas 

Where it is desired to lecover a number of components, 
one should design so as to lecover the least soluble of these 
The otheis will then be recovered even more completely than 
the first, provided they aie not piesent m preponderating amounts 
In the latter case the absorption system must be designed for the 
one most difficult to dissolve in view of both its solubility and its 
quantity Where the very soluble components are present in 
considerable quantity, by their influence upon the equilibrium 
I'clationships, they sometimes considerably affect the solubility 
of the less soluble ones in the absorbing menstrum, and in such 
cases due allowance must be made therefor. 

Ratio of Liquid to Gas. — Consider a counter-current gas 
washing system m which not only the component desired is 
soluble m the absorbent but also some other component of the 
gas IS at least somewhat so Both these components will dissolve, 
but the second less than the first. If one employ an absorption 
column sufficiently long and efficient, one can saturate the 
absorbent with the desirable component at the point where the 
absorbent leaves the column, but it is impossible completely to 
dissolve the desired component with a smaller amount of absorb- 
ent than this, in general one will have to use more absorbent, 
the excess quantity depending upon the size and efficiency of the 
tower Even this minimum amount of absorbent will, however, 
dissolve some of the undesirable constituents and, furthermore, 
the greater the quantity of excess absorbent, the more of the 
undesirable constituents will go into solution Since, however, 
excess absorbent cannot possibly dissolve more of the desired 
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constituent, because the theoretical quantity, properly used, will 
dissolve it all, excess absorbent merely increases the ratio of 
undesirable to desirable material. One, therefore, obtains the 
following rule: 

If the gas being treated in a counter-cuirent absorption 
system contains a component which it is not desired to dissolve 
but which IS appreciably soluble in the solvent employed, one 
should use an absorption column designed to give the most efficient 
possible counter-current contact between absorbent and gas and 
stiictly limit the amount of absorbent used per unit of gas treated 
to the lowest possible quantity adequate to dissolve the desired 
constituents 

Unfortunately, the gas treated is often subject to vaiiations 
both in composition and quantity With regard to the composi- 
tion, whenever the solubility of the constituent to be absoibed 
follows Henry’s law, the minimum adequate ratio of absoibent to 
gas treated is independent of the composition Thus, assume a 
certain composition and a corresponding ratio of absorbent to gas, 
if, now, one double the concentration of the desired constituent 
in the entering gas, since its solubility in the absorbing medium 
is proportional to its concentration, the absorbing capacity of the 
menstium is doubled Therefore, there need be no increase 
in the quantity of the absorbing medium per unit quantity of 
gas treated in order to dissolve the increased amount of the solute 
This can be summarized m the following lule. 

For a given material to be dissolved from a gas in a given 
absorbing liquid in which the solubility of the material follows 
Henry’s law, the minimum adequate quantity of absorbent 
per unit quantity of gas treated is independent of the concentra- 
tion of the material absorbed 

From the above it follows that, to get best results, the ratio 
of absorbent to gas treated should be kept constant. 

Materials Obeying Raoxjlt’s Law 

In the case of a volatile liquid dissolved in an essentially 
non-volatile solute, in the presence of a substantially insoluble 
gas, the partial pressure of the dissolved vapor following Raoult’s 
law, the equilibrium relationships are greatly simplified While 
the following discussion will be general, it will perhaps be clearer 
to illustrate by the case of benzene vapor dissolved from an inert 



ABSORPTION AND EXTRACTION 


701 


gas, such, for example, as flue gas, by absorbent oil, the oil being 
latei denuded by distillation with steam It is assumed that 
both the absoiption and stripping are conducted by counter- 
cuirent flow, under steady conditions of opeiation Call 
the mols ot benzene per mol of oil, in the liquid phase, and y 
the mols of benzene pei mol of gas (flue gas or steam as the 
case may be) In the operation under consideration, L mols of 
absoibent oil and G mols of gas aie employed per unit time It is 
obvious from a material balance (see page 677) that the equation, 
L{xo-x) = G{yo-y) (1) 

represents the actual operating conditions in the unit. If now 
one assume constancy of temperature in the tower, calling P 
the piessuie of pure benzene at this tempeiature and tt the total 
piessuie on the unit, the partial pressuie of benzene over the 



liquid p is given by the expression, p=Px/{l+x)j while the 
partial pressure of benzene m the gas is Pg^Tty/ {l-py) At 
equilibrium these two aic equal, i e , 

P X 

This equation represents a rectangular hyperbola with axes 
pauillel to the major axis 

Special Cases: I* P>7r — When stripping a volatile compo- 
nent from a non-volatile absorbent by steam it is advantageous 
to have the temperature as high and the pressure as low as 
possible (see page 667). Generally, therefore, the operating 
conditions are such that P>tv, In this case inspection of the 
equilibrium, Eq. (2), shows that y becomes infinite when the 
denominator on the right hand side is zero, i.e., when Xa—'jr / (P — 
tt), wheie Xa is the asymptotic value above which the concentration 
units differ from those employed on pages 675 to 608 




702 


PRINCIPLES OF CHEMICAL ENGINEERING 


of the dissolved constituent in the absorbent liquid cannot exist 
If the absorbent enters the stripping column richer than this, 
the excess of dissolved vapor boils out spontaneously, i educing 
the concenti ation to the asymptotic value The equilibrium curve 
IS represented by Fig 183, p 701 

If, in this figure, Xo represents the concentration of the 
incoming rich absorber stock, inspection will make it clear that, 
if one wishes to secure complete stripping, i e , to have the 
operating line go through the origin, the steepest line which can 
be drawn is one tangent to the equilibrium curve at the origin, 
cutting the vertical line through Xo at the point B, this point 
corresponding to the highest possible degree of saturation of the 
steam leaving the stripping column under these conditions 

Inspection of the equilibrium, Eq (2), shows that its slope is 
given by the expression, 

_ (S) 

dx [7r~(P-7r)T]2 ^ 

Therefore, for complete stripping, the operating line has for its 
slope the value of this expression at x = 0, te , dyfdx^P/ir or 
dx/dy = 7 rlP==G/L, where G/L is the rnols of steam requiied 
per mol of oil Furthermore, it is obvious in this case that the 
equation of the operating line is ?/= {P/'k)x and that the steam 
consumption is proportional to the total piessure on the system 
and inversely proportional to the pressuie of the pure solute 
at the operating temperature In othei words, the lower the 
total pressure the less the steam consumption necessary for 
complete stripping, and also the lower the volatility of the 
absorbed component the greater the steam necessary to do the 
work Inspection, both of the diagram and of these equations, 
shows that the steam consumption for complete stripping is 
independent of the initial concentration of the rich absorber 
stock From this it follows that if one is stripping from the oil 
a mixture of a number of dissolved components, since the more 
volatile strip out first, the steam necessary for complete stnpping 
IS that computed for the least volatile component, just as though 
the others were not present 

If one wishes to saturate the steam leaving the stripper, % e , 
to bring it into equilibrium with the incoming rich stock, the 
steepest operating line attainable is a tangent to the equilibrium 
curve at point A , cutting the horizontal axis at point C, coriespond- 
ing to the best possible stripping compatible with the assumption 
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made The equation ul this line can be c<ilculuted liuiu its slojx', 
<ly L Pit 

.k-(P-,rK]Hy.-y) 


, whence, 


CLo ^ 


Ptt 


Hence at the bottom of the apparatus, where y==Q, 

h-iP-T)l,.V 

Pit 


i = ro-~ijo 


This value of r represents the lowest attainable concentiation 
of the stripped oil compatible with steam satuiation at the top 
If = inspection of the diagram makes it clear that it is 
impossible to stiip at all and at the same time have the vapors 
leaving the still at cquilibiium wuth the absorber stock entering 
it This IS tiue because, under these conditions, the partial 
piessuK' ol the entering absoiber stock is equal to the total pies- 
sure on the still, so that the presence of any steam whatevei would 



Fig 184. 


lessen the partial pressure of the solute and theiefore destroy the 
equilibrium. 

If, as IS usually the case, a large fraction but not all of the 
bon^sene in the feed is to be removed, then Xi is small but finite 
The minimum steam consumption would then correspond to 
equilibrium at some value of x intermediate between Xo and Xi, 
the operating line being tangent to the equilibrium curve at Xt == 

Obviously this value of a? IS independent of and depends 

only on Xi, it, and P. Since the values of ytj xt, and Xo are known, 
yo is computed by proportion* yo = yt{Xo — xi)/{xt^Xi) 

Case 11 : P<t — Absorption should take place at the highest 
practicable total pressure and the lowest possible temperatuie, 
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i c , nt high values of tt and low of P In othei wouls, the condi- 
tions of this case (P<7r) aie those normally existing in absoiption 
processes but not in stripping 

Inspection of the equilibimm equation makes it cleai that it 
corresponds to the curve of Figure 184, being asymptotic to the 
horizontal line, y—P/ir—P) 

It is obvious that if one desiies to completely denude the gas, 
the operating line must go thiough the origin and cannot possibly 
have a slope less than that corresponding to tangency theie 
Since at a; = 0, dy/dx^P/ir^ the coi responding opeiatmg line is 
y—Pxj'K and the amount of absoibent lequiied pei mol of ineit 



gas treated, L/G = P(tt It will be noted that the absorbent 
required for a given amount of gas is proportional to the vola- 
tility of the solute absorbed and inversely proportional to the 
total pressure of the system Here, too, the absorbent needed 
IS independent of the initial concentration in the other phase at 
the other end of the unit Since y=Px/T^ it is obvious that 
Xo — Tryo/P^tha maximum saturation of oil compatible with 
complete denuding of the gas treated 

To saturate oil up to equilibrium with the gas enteimg the 
absorber, 

PttXq 

This gives the lowest value to which the concentration of solute 
vapor in the exit gas can be reduced if the oil is brought up to 
equilibrium with the entering gas 

Case III: P = 7 r — For this case at equilibrium y=^x and it is 
therefore possible to have equilibrium at all points in the system, 
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piovided the capacity of the equipment be sufficient to cany 
out the absoiption iindei a negligible driving force 

The conditions foi the thiee cases aie given in Fig 185, the 
iippei cuive coiiespondmg to stiippmg, the lowei to absoiption, 
and the stiaight line between them to the special case ofP = 7r 
It IS woith noting that, in both stiippmg and absoiption, one 
normally opeiates on the unfavoiable side of the equilibiium 
cuive, ; c , it IS theoietically impossible to secure equihbimm 
at both ends of the opeiating line \yere one absoibing undei 
conditions coi responding to the upper curve oi stiippmg undei 
those of the lowei, the leveise would be tiue llowevei, this 
disadvantage is moie apparent than leal, because the height of 
the equihbiium cuive coiiespondmg to stiippmg conditions, 
seemed by raising the temperatuie and lowei mg the piessuie, fai 
more than compensates foi its unfavorable shape and the same is 
true of the advantages gamed by lowei mg the equilibrium cuive 
for absoiption, through decreased temperature and inci eased 
piessuie 

While for many cases of absorption Raoult’s law does not 
apply,' thei^G are impoitant instances, notably the absoiption of 
hydiocaibons m oil, wdieie it is an entiiely satisfactoiy appioxi- 
mation Fuitheimoie, even in those cases where the deviations 
from it are too wide to justify its quantitative use, it none the 
less gives a cleai visualization of the qualitative effects of various 
factors upon operating results 

Capacity Coefficients for Processes op Absorption and 

Desorpt ion 

This section of the chapter is devoted to a discussion of the 
quantitative capacity coefficients for different types of apparatus, 
as affected by factors such as gas velocity, liquid velocity, 
temperature, nature of gas and liquid used, and the dimensions 
of the apparatus As shown on page 658, the relationship 
between the overall coefficients K and the individual coefficients, h 
is given by the following equations 

1 ^ 1 t ^ 1 I ^ 

Ka HkLko 

Kj, kL'^ko 

1 Sec p 583. 


- . ( 6 ) 
. (7) 
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Ko^hKl . . » (g) 

Rg^1/Kg;Rl^I/K,. 

Unless otherwise specified, data will be given in the following 
units 


Table 


L bs a bsorbed 

I an ) (sq ft mteitace) (unit diiving force m lbs pei cu ft ) 

Lbs abso rbed ___ 

G an ) (sq ft mteiface) (unit driving force in mm of mercury) 


L T • lx Pounds liquid 

^ iquor ve oci y, in (square foot of ground area) 


, P ounds ^s 

g - as ve oci y, in (square foot of ground area) 

i== Height of tower, in inches 
d = Diameter of tower , in inches 
6 = Constant in the equation 
M — Molecular weight of diffusing gas 


//=Hemy^s law constant in 


Pounds per c ubic foot 
Millimeters of mercury 


/ = 


Vm 


ko^ 

VMig ^ «) 


B = 


f 

id/l)d'> * 


Absorption of Gases in Wetted-wall Towers. — In a wetted- 
wall tower it seems reasonable to assume that the effect of 
changing the mass velocity of the gas has a negligible effect upon 
the resistance of the liquor film Equations (6) and (7)(p 705) 
indicate that m such cases one should plot overall absoip- 
tion resistance against l/g° ^ This method of interpreting the 
overall coejfiicients will be illustrated by showing data^ for 
the absorption of SO 2 from air by water in a tower 3-in in diam- 
eter and 36-m high, first by plotting 1/Kl against l/g^ 
(Fig 186) and second, by plotting the same experimental data 
expressed as 1/Kg against 1/g^ ^ (Fig 187) Relationships cal- 
culated from these plots are given in Tables A and B 

1 Haslam, Hershey, and Kean, Ind. Eng Chem , 16, No. 12 (December, 
1924) 
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Fi(, ]8() Absoiption of SO 2 from Air by Water m a Wetted- Wall Tower 


Table A, Based on Fkj ISt) 


dm VC 

1 

1 

Temp 

dep; 

2 

Intel - 
cc^pt, 

1/A;. 

_l 

3 

h 

4 

Vis- 

cos- 

ity 

Zl 

5 

klM 

6 

1 

Slope 

n/h 

7 

Solu- 
1 bility 

8 

?>X10' 

IV 

50 

67 

0 015 

1 30 

0 010 

153 

0 0272 

178 

III 

68 

4() 

0 022 

1 00 

0 022 

149 

0 0147 

99 

11 

86 

29 

0 035 

0 80 

0 028 

141 

0 0106 

75 

T 

122 

27 

0 037 

0 55 

0 020 

66 

0 0040 

61 
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— 8 

Fig 187 — Separate Absorption of Gases from Air by Watei in Wettecl- 

Wall Towers 


Table B, Based on Fig 187 



1 

2 

3 

4 

5 

6 

7 

8 


Temp 

Inter- 

Solu- 




Slope 

l/i> 


Curve 

deg 

F 

cept 

1/HkL^ 

bility 

H 

/cz, 


kLZL 

&XI08 

IV 

50 

3,550 

0 0272 

0 0104 

1 30 

0 014 

14,400 

69 4 

III 

68 

4,550 

0 0147 

0 0150 

1 00 

0 015 

14,600 

68 5 

IX 

> 86 

5,400 

0 0106 

0 0175 

0 80 

0 014 

15,000 

66 7 

I 

122 

7,750 

0 0040 

0 0320 

0 55 

0 018 

15,600 

64 1 
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In both plots ilxv intoiseci.ions of the lines with the vertical axes 
lepiesent individnal values foi I'A/, and l/HIiL lespectively 
I Icl is highest at the lowest tempeiatuie, doubtless due to the 
iact that- the viscosity Zj, of the liquid is greatest at the lowest 
tempeiatuie, while 1/Hki,is greatest at the highest temperature, 
although Ll falls in the same oidei, as may be seen fiom column 3 
of Table A and column 4 ot Table B 

Based on a study of these plots one concludes that (1) ki, 
mci eases rapidly with mciease in temperature and that the 
pioduct of hi, and the viscosity Zi, of the liquid is subtantially 
constant, (2) although somewhat misleading, h apparently 
depends upon tempeiatuie as shown in Table A, while from Table 
B, h IS independent of temperature, as should be the case (see p 
GGO) 

Due to the fact that H, even at a given temperature changes 
somewhat with concentration of SO 2 m the liquid, i e , Henry’s 
law does not apply, the numeiical values of b and ki as detei mined 
by the two methods of expiessmg data do not agree When the 
lesistances of both films aie impoitant therefore, it is incorrect 
to apply an overall coefficient, as was pointed out on page 691 

On Fig 187 aie also plotted data for ammonia absorbed from 
air by water, at two diffeient tempeiatures, and it is found that 
the liquor-film resistance is substantially zero, as shown by the 
negligible intercept of curve V on the vertical axis. In other 
words, the gas-film resistance is of controlling importance in the 
case of ammonia in water, while for sulphur dioxide in water both 
lesistances must be taken into account The values of b foi 
ammonia, as determined from this plot, are independent of tem- 
perature, and due to the lower molecular weight, are numerically 
smaller than for SO 2 , being 0.000031 and 0 000067 respectively. 
As shown on page 660, when using the units here employed, b 
should equal /a / M Hence, these data give /=0-000031 /a/ 17 = 
0 0000075 for ammonia and /=0 000067/^64 = 0 0000084 for 
SOs, giving a mean value of /=8/10® 

Figure 188 is a plot similar to Fig 187 and summaiizes 
absorption data obtained at temperatures ranging from 50 to 
68 *^ F in four sizes of wetted-wall towers by three different 
observers ^ Curve I shows the results for the absorption of NH 3 

1 Haslam, Heesiiey, and Kean, loc czt Green w alt, Ind Eng Chem , 
18 (1926), 1291 Haslam, Ryan, and Weber, Trans Am Inst of Chem. 
Eng , 16, (1923), 177 
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fiom ail by watei, while curves III and IV show the results when 
absoibing watei vapoi from air m sulphuric acid In these three 
cases the intercepts or values of the liquor-film lesistances are zero, 
indicating that the gas-film resistances are of controlling impor- 
tance Cuives II and V show the results of absorbing SO2 
fiom an by watei m two different sizes of towers, and it is seen 
that the liquoi-film lesistance is a considerable fraction of the 
total 1 esistance From the values of h as determined by Fig 188, 
the coiiesponding values of / were obtained by dividing b by 
A/il/ On Fig 188 are tabulated the values of/XlO®, and also 
the coiiesponding values of the ratio of height to diameter, 
when both I and d aie expiessed m the same units Figure 189 
shows /XlO^ plotted ve)i>as d/l, and the plot indicates that 
/ increases with increase m d/l since for short towers the turbu- 
lence at entrance would be abnormally high. It is known that 
heat transfer at a given net velocity increases as the friction or 
degiee of turbulence is increased, as in short pipes (see p 140) 
It seems reasonable that the same pimciple would hold for 
absorption, since the capacity coefficients for both processes 
increase as film thickness is decreased (see p 39). Were suffi- 
cient data available one would expect the points of Fig 189 t,o 
fall on various curves, one for each diameter, the curve for the 
smallest diameter being the highest, as shown by the lines drawn 
on Fig 189 For the sake of illustration assume that /XlO®/ 
(d/l) = B/d'\ By determining the constants from the data on 
Fig 189 one obtams/XlO^ = 155(^Z/Z)/d® where d is expressed in 
inches The following table shows the agreement between the 
obseived and calculated values of /XlO®. 


l/d, mimbei of 
units 

dj inches 

/X10« 

Obfecrvod 

("alculated 

3 75 

S 

23 2 

22 1 

12 0 

3 

9 6 

9 3 

12 0 

3 

6 85 

9 3 

16 0 

2 

7 85 

7 9 

32 0 

1 

5 0 

j 4 8 


The agreement is better than would be expected when one 
remembers, fiist, that these data were obtained by different 
investigators, and second, that the data for 8O2 m water have been 
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expressed m terms of the overall coefEcient Ka, yet the Henry’s 
law coefficient H for SO 2 is not independent of concentration over 
the range used experimentally, see p 709 

To correlate these data for the separate absorption of three 
different gases from air by water in wetted-wall towers, the value 
of Ko may be calculated as follows 




Ilg — 


For ammonia or water vapor, l/HkL=0 
and carbon dioxide, kL — 0 019 /zl 


For sulphur dioxide 



These equations are derived to illustrate the method of attack 
rather than to obtain a general equation for wetted-wall towers 
Obviously they should be extrapolated with caution 

Figure 190 shows a plot of fcz, versus the fluidity, 1/zlj as 
suggested by the relation constant It is seen that the 

relation is approximately linear, and that the data for the 
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lenioval of CO 2 fiom air by water fall between the two curves 
foi the absoiption of SO 2 fioin an by water, based on Tables 
A and B, pp 707 and 708 

Absorption of Gases m Packed Towers. — Figure 191 shows 
a plot of data^ foi the sepaiatc absorption of S 02 andiV’iJ 3 fi'om air 



Fn. 191 — Absorption of Gases from Air by Water m Packed Towers 


by water, using towers packed with coke or quartz The o verall 
resistance VKoa are correlated by plotting against ®), 

which allows approximately for variations in velocities of gas and 
liquor As shown by the intercepts, the liquor-film, resistance 

1 Haslam, Ryan, and Weber, he cit , Kowalke, Houqen, and Watson, 
Chem Met Eng , 32, No 10 (April, 1925), 443, Sherwood and Kilgore, 
Ind Eng Chem , 18, No 7 (July, 192«), 744 
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IS negligible for Nil i, as was found to be the case foi this gas in 
a wotted-wall tower Foi the absorption of S ()2 fioiii an by 
water, however, the resistance of the liquor him is a consider able 
fraction of the total, especially at high velocities of liquid and gas 
Absorption versus Desorption. — The data of Sherwood and 
Kilgore, shown in Fig 191, cover both the absorption of NHj by 
water from air, and the removal oi NHi by air from water Foi 



Fig 192 — Correlation of Data for Hoat Transfer m a Pipe and Absorption 
in a Wetted- Wall Tower 


comparable temperatures and velocities, these data check, regard- 
less of the direction of diffusion of NHs vapor through the gas film 
Comparison of Absorption and Heat Transfer Process on 
the Basis of Film Thickness. — According to the film theory, 
both absorption and heat transfer are controlled by the rate at 
which the heat or material diffuses thiough the relatively quiet 
film of fluid at the boundary (sec pp 36-42) Since for any one 
fluid the factors controlling film thickness should be the same m 
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eithei type of piocess, foi a given dianietei, latio of length to 
diameter^ and gas velocity, one would expect that the film thick- 
nesses would be the same, legardless of whether absorption oi 
heat tianster were taking place That this is approximately true 
may be shown by calculating the ratio of diameter to film thick- 
ness m similar apparatus, for these two piocesses ^ 

Gieciiwalt-^ gives data on the absorption of water vapor from 
an by sulphmic acid, in wetted-wall towers His data for two 
diffeient towers aie plotted in Fig 192 The oidmates show the 
latio of diamctei to film thickness, corrected for the ratio of 
length to diameter The coi responding abscissae show the 
tuibulence factor Dv/z, employing the units of Fig 37 (p 141) 
Figuie 192 also shows a plot of the data of Jossc'^ foi heat transfer 
to air flowing tliiough a pipe For equal turbulence, the film 
thicknessesfoi absoiptionaie somewhat lessthan for heat tiansfei, 
as should be the case, due to the influence of the water flow m the 
absoiption tower The coiielation is therefore satisfactory and 
indicates the veiy stiikmg similarity between absorption and 
heat transfer 

PART III. DESIGN: GASES BY SOLIDS AND SOLIDS BY LIQUIDS 

The adsorption rate of gases and vapois by solid adsoi bents 
IS usually lapid Thus, the air inhaled through the canister of a 
gas mask is, under extreme conditions, in contact with the adsorb- 
ent a total time of only 0 1 or 0 2 sec , and yet in this time the 
adsoi bent will reduce the concentiation of mustard gas, for 
example, to a point below 1 part m 50,000,000 of air In conse- 
quence of this rapidity of adsoi ption, rate is seldom a controlling 
factor in determining the capacity of equipment, at least where 
the adsorbent is in a reasonably fine state of subdivision and 
possesses high activity. Theoietically, therefore, the amount of 
solid adsorbent necessary for treating gaseous mixtures is exceed- 
ingly small. Thus, foi continuous treatment of gas, one could 
employ two contamcis, stiippmg the adsorbed gas from the solid 
adsorbent in one container while passing the gas through the 
other With only a small amount of char m each container, the 
adsorbing and stripping periods would be very short, requiring 
too frequent shifting of the gas from one container to another 

j ^ ^ Hanks, puvate communication 
Lqc cit 

2 Zett deB V&r. deuL Ing , 63, No. 9 (Feb. 27, 1909), 322 
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Hence, the amount of adsorbent employed is ordinarily deter- 
mined by the practical engineering considerations goveining the 
length of this cycle This also determines the size of the 
apparatus 

Under normal conditions it is found inadvisable to move solid 
absorbents, and consequently true continued counter-current 
operation is not encountered Where, however, one employs 
containers of solid adsorbents in systematic rotation (see p 666), 
the action is substantially continuous and counter-current, 
provided the number of absorbers in series at any one time is 
considerable (5 or above). The effective length of the system, 
however, is less than the total number of absorbeis in operation 
at any one time The net length may be assumed to be the 
total number in actual operation in series, less one half a unit 
Otherwise, the computation methods for such a case are identi- 
cal with those devloped above for continuous counter-current 
interaction of gases and liquids 

Frequently, however, one employs a small number of absoib- 
ent containers, or occasionally gases pass through a single 
absorber under semi-batch conditions, the gas flowing continu- 
ously but the absorber being used until its absorbing capacity is 
exhausted and then being regenerated or else replaced by a new 
one 

Illustration 6.— Assume that one has 3,000 cu ft per minute of a gas, at 
25° C and normal barometric pressure, containing 1 volume per cent of 
benzene It is desired to lecover this benzene by adsoiption on activated 
charcoal Laboratory data show that, at this tempeiature and concen- 
tration, equilibrium will correspond to 0 08 lb of benzene per pound of cai- 
bon This is somewhat less than the adsorptive capacity of fresh charcoal 
to allow for the slight decrease m activity which results from continued use 
Assume that stripping can be satisfactorily accomplished m 2 hours 

Estimate the minimum number of tanks it is advisable to use and the 
total tons of char required 

Solution. — Inspection of a characteristic adsorption diagram, such as 
Fig 193, shows that in a true counter-current system equilibrium is 
approached only at the end of the system, whereas m the middle conditions 
aie far removed thercfiom. Evidently, therefore, in a stepwise counter- 
cuirent system the entering gas will saturate successive layers of the absorb- 
ent to equilibrium with itself, the cleanup of the gas taking place m the 
remainder of the system If now the fiist unit which the gas enters be not 
too large a percentage of the whole system, it is entirely practicable to have 
this unit completely saturated when it is cut out for stripping Further- 
more, because of the extreme rapidity of adsorption in the middle of the 
system consequent upon the large distance from equilibrium there obtaining, 
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(ho final unit need Ix' but, a sinaJl pei cent age of the total NoiniallVj 33 i 
per c ent is enough, t e , if one operates with thiee units m senes, it is possible 
to satin ate the fiist unit, at, least where the adsoiption is at all stiong, ^ c , 
wheie the value of n is gieat Obviously, it is advisable to (ut out a tank 
each 2 hi , ^ e , to operate with four tanks in all 

The amount of benzene lemoved pei houi is ealeiilated as follow^s 

3,000 (60) (12) (Ig^g) (78) =359 lbs 
359 

The dial icquiied pei tank =^f3(206o) tanks one 

w ould need a total of 9 tons 


Figuie 193 IS a modified case of Fig 174, showing the equilib- 
rium cuives GAB for benzene on charcoal and DC for benzene 


Fin 



193 ““Removal of Benzene Vapoi from Flue Gas (Problem 5) 


in straw oiF at 25° C Since in any absorption operation the 
operating line must always lie to the left of the equilibrium, mere 
inspection of this diagram makes it clear that, if one wishes to 
treat a gas of reasonable benzene concentration, such as repre- 
sented by yi, and i educe its concentration to a low figure yo, 
not only will it be possible to do this with the use of a much 
smaller quantity of charcoal than of oil, but m the range of 
operation where the concentrations are low, it is possible to build 

^The equilibrium curve for the oil is based on Raoult^s law and an 
average molec^ular weight, of 230 for the oil 
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Up a far higher driving force with the chaicoal than with the oil 
In other words, both fi om the point of view of rate of absoi ption 
and carrying power of absorbent, charcoal has the advantage 

Illustration 6 Refernng to Fig 193, assume that the value of y is 0 10 
lb of benzene per pound of flue gas m the entering gas and 0 02 in the 
exit gas, corresponding to SO pel cent lecovery Furthei, assume the oper- 
ating lines as shown, FE foi the oil, and FG foi the chaicoal, the tiesh treat- 
ing agent being fiee of benzene in both cases Per pound ol benzene lemovcd 
from the gas, this reqmies only 0 20 lb of chaicoal as compared with 0 47 
lb of oil Inspection of Fig 193 makes it obvious that the diiving foice 
2/ -“2/e IS on the average fai highei for the chai than for the oil Moicovei, 
this advantage is greater the lower the concentiation of benzene in the 
initial gas and the moie completely it is necessaiy to stiip the gas It is 
found that for high concentrations of benzene the many advantages of 
liquid absorption make the use of straw oil advisable, but foi very lean gases 
the chaicoal is superior 

Illustration 7—N batch of sugai syiup is to be decoloiized by finely 
divided, activated vegetable chai, free fiom color It is pioposcd to agitate 
the char with the syiup at a temperature of approximately 180° So soon as 
the syrup is decolorized to 5 per cent of the initial color, the suspension will 
be sent to a filtei for the separation of the decoloiized syiup and the spent 
chai Laboratoiy data show that at equihbiium between the coloi to be 
lemoved and the char employed m this case the value of n in the Fieundlich 
equation is 3 

Pei unit of syrup treated, calculate the ratio of the minimum weight of 
char required for batch decolorization to the minimum weight of char 
necessary for ideal counter-cuirent treatment. 

Solution — Figure 194 is a plot of the concentiation of color m the syiup 
y vei sus the color on the char x The curve OAE represents the equilibuum 
data For the ideal ^ single, batch treatment, it is obvious that at the end 
of the operation the char will be in equilibrium with the syiup, i e , the 
abscissa X 2 represents the final color on the char 

The line FE m Fig 194 represents the operating line for the ideal, con- 
tinuous, counterflow pci eolation filter Since the equilibrium curve OAE 
is concave upwards, the best one can do is to obtain equilibrium at the point 
B where the syrup enters, corresponding to the value Xq on the char Since 
m both cases the coloi is reduced from 2/0 to 2/2 and the initial char is free from 
color, a color balance shows that the latio r of the minimum weights of chai 
m the two cases is equal to Xo/xz The values of Xo and xz can be read 
quantitatively fiom Fig 194, 01 one can use the Freundlich equation 
and — whence r = —20^ =2 71 Hence, foi this 

case a single batch treatment would lequire 2 7 times as much chai as con- 
tinuous counter-emrent percolation, both processes operating undei ideal 
conditions It is inteiesting to note that the ratio of the minimum char 
requirements of single batch to continuous counter-current percolation 
depends only upon the ratio of initial to final color, and the value of n m the 
equation for the adsorption equilibnum, and is independent of the value of 
the constant a of the Freundlich equation Furthermore, the smaller the 
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^ ^ L_l 

2f=UKTS OF COLOR PER LB OF CHAR 

Fig 194 — Decolonzation ot Sugar Syrup (Problem 7). 



a;«UNTS OF COLOR PER LB OF CHAR 


fiiw 195 —Decolonzation of Sugar Syrup (Problem 8) 
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value of n, the greater is the advantage, as regards minimum leqiiuements 
of char, of continuous counter-flow over a batch tieatment 

Illustration 8.-~Sugar syrup is to be decolorized by vegetable chai as 
outlined in the preceding illustiation, except that two successive batch 
agitations with color-free char are to be employed instead of one, ultimately 
reducing the color to 5 per cent of the original value 

Calculate the total minimum char lequiied, expressed as a ratio to the 
minimum char required in a continuous counter-current decoloiization, and 
report what percentage of the total char should be used in the first of the t\\ o 
batch treatments- Also, compare the total minimum char necessaiy foi two 
batches with that requiied foi one batch, as computed in the preceding 
problem 

Solution, — Figure 195 shows a plot of the equilibrium dat‘i, vith y 
expressed as units of coloi per pound of svrup, and % as units of coloi pei 
pound of char The color in the syrup is i educed from ?/o to yi in the first 
batch, and from yi to 2/2 m the second As specified, ?y2/7/o = 0 05 In 
the ideal case, at the end of a batch tieatment, the color m the liquor would 
be m equihbimm with the color on the chai Thus, at the end of the fiist 
batch, each pound of chai would contain xi units of coloi, and after the second 
batch, X 2 From a color balance, based on 1 lb of syiup, lemembeiing that 
the char added in each case is free from coloi, the total char requiied Wb 


would 

X1 

For the ideal counter-current treatment, since the equilibimm curve 
OAE is concave upwards, one could have equilibrium at the point C, whore 
the opeiatmg line FE intersects the cmve Hence the minimum char for 
counter-current Wc would equal ( 2 /o“‘ 2 / 2 ) Ao Hence the ratio R of the total 
char foi double batches, to the minimum char for continuous countci- 
current, is given by the following equation 


yo-yi . yi-y2 

fy_Wb^ Xl 

Wc yo-y2 

Xo 


(a) 


One can determine the minimum value of the numeratoi by several 
methods 

Fust Method — If Fig 195 be drawn to scale, one can arbitrauly select 
a value of 2 / 1 , and by leading the corresponding value of ri, the total chai 
for the case is detei mined by the above equation After assuming vanoiis 
values of 2 / 1 , R could be plotted veri>xis Xi, and the minimum value of R detei- 
mined by inspection Fiom the value of Xi coi responding to the minimum 
value of R, a mateiial balance would immediately show what fraction of the 
total char should be used m the first batch 

Second Method — If Fig 195 be not drawn to scale, an algebraic solution 
can bo made as follows. Let z represent that fi action of the initial color 2/0 
removed m the fiist batch. The following equations can be written by 
inspection 

2/o““2/i==i3 '?/o, 2/2~0 05 ?/o, — — X2 — ay2^^'^ 


By combining these expiessions with Eq (a), one obtains 
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The minimum value ol R may now be found by diffcientiating R with 
le.speet to z a,nd equating to zeio, oi by assuming vaiious values of 21 , z c , 
by trial and ciioi One finds that the minimum value oi R is I Slj cone- 
spondmg to 2 ; = 0 7. Since 70 per cent of the 01 iginal coloi is removed in the 
fust batch, 2/1 = 0 3yoj and the piopei value of ti is deteimmed Fiom a 
color balance, one finds that 00 4 pei cent of the total char should be used 
in the fust batcdi 

In Older to 1 educe the color to 5 per cent of the original value, the 
minimum total chai for two successive batch tieatments is 1 81 versus 2 71 
foi the single batch, both expiessed in teims of the minimum char required 
foi the continuous countcr-cuiient decoloiization 

Char consumption may bo still fuithcr reduced by using ficsh char only 
for the se(‘ond batch and treating the oiiginal syiup with spent char from a 
prior second opeiation This may be called stepwise counter-cuiient 
operation. 
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y 1 ^ 1:1 a ccitam (hemical plant the Ive solution used in the absorption 
lb pumped continuously fiom the bottom ot the lye storage tank to the 
spiay head at the top of the absoiption towci The depth of solution m 
the Ive btoiage tank is constant at 5 ft , and the veitical distance from the 
bottom of this tank to the spiay head is 105 ft At the i>i evading late of 
flow, 200 U S gal per min , the friction drop in the pipe and fittings, con- 
necting the btoiage tank and the sprav head, is 15 ft of lye solution The 
statu piessuie at the spray head is 5 lb pei sq in above atmospheric pres- 
sure Both the tower and stoiage tank are vat atmospheric pressure 
Cah uLite the pump horsepowci theoretically required 
/)a/a -Specific giavitv of lye solution is 110 The actual inside 
dianmt^l of the pipe used is 1 03 in 

The rate of flow of oil to a number of furnaces fired with a light fuel- 
'ml IS being moasiued with a standard shaip-edged oiifice 1 m in diameter, 
suitably chambcicd by a 6-m steel pipe m the standaid manner The 
veitical U-tubc, employed foi the measurement of the difterential across the 
orifice, lb completely filled with mercury and oil, and shows a difference m 
merciin levels of 3 in 

Calculate the flow of oil iis I) S gjil per hr 

Data — The oil has a specific gravity of 0 900 and a viscosity of 18 centi- 
poLses One cu ft equals 7 48 U kS gallons The specific gravity of 
mei curv is 13 6 

> 3 Watei at 20° C is to be pumped fiom a pond through a 6 07-m inside 
•fiiamoter galvaniised steel pipe line to a point m a plant 10 ft above the 
surface of the pond, deliver mg the water at a rrite of 2 0 cu ft pei sec and 
at a presbuie of 10 lb per sq in above atmospheiic pressure The line 
consists of 100 ft of straight pipe and three standard 90-deg elbows 
Tabulate th^iumcrical values of the various heads involved (expressed as 
feet oOvffwt), and calculate the horsepower theoretically required 

Dry ail is flowing thioiigh a horizontal galvanized iron pipe 4-m m 
diaractei In this hue is inserted a Thomas flow meter which consists of, 
first, thcimometei No 1 reading 20 0° C , second, an electrical heating ele- 
ment, dissipvating 1 87 kilowatts; and thud, a second thermometer reading 
25 0° C The absolute pressure of the air at thermometer No 1 is 30 3 in 
of mcicury while the absolute pressure at thei mo meter No 2 is 30 0 m of 
mercury 

C^ailate the lb of gas flowing per hr 
-•'D A iictroleum still runs at an average rate of 1,200 bbl (50 gal. each) 
per day. The maximum instantaneous running rate may exceed this by 

723 
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50 per cent The distillate has a giavity of 0 842 It is desiied to luseit 
into the running box an orifice chamber consisting of a veitical chamber \\ ith 
a sharp-mouthed orifice in the middle of the bottom to measuie the dis- 
charge The available height of liquid above the oiifice plate does not 
exceed 18 in^ The orifice will deliver into a i un-off line ample to take away 
the discharge without any backing up and the feed will be deliveied to the 
side of the orifice chamber at a low velocity so as to introduce no seiious 
tuibulence (a) What size orifice should be employed^ (6) What will be 
the reading on this orifice if the still is running at 25 per cent of its normal 
av^ge rate (c) And at its normal rate‘s 

y 6 California heavy crude” oiT is being pumped at 60° F thiough a 
standard 6-in steel pipe line at an average velocity of 0 125 ft per sec 

(a) If the average oil temperature be maintained at 120° F , the oil flow 
remaining unchanged, calculate the percentage reduction m the horsepowei 
required to oveicome the friction diop in the line 

{h) When the oil is flowing at 60° F , what should be the friction drop as 
lb sq m per mile of straight pipe'i^ 

i/l Illuminating gas at 70° F is flowing thiough an 8-m inside diametei 
galvanized iron pipe which has been giadually enlarged to 20 in to form the 
chambers for a 4-in' orifice dlrilled in a -^-m galvanized non plate, the 
hole being centered with the centei-line of the pipe, 16 in upstieam from 
the orifice and 8 in downstream piezometer rings have been installed on the 
chambeis, a vertical U-tube paitially filled with watei and connected to 
these piezometer rings, shows a difference in level of 1 21 in The second 
IT-tube partially filled with water, one aim of which is open to the atmos- 
phere, IS attached to the downstream piezometer ring and shows 4 in of 
water pressure above atmospheric piessure The saturated gas has a 
density of 0 600 referred to saturated an of the same temperature and pres- 
suie, the barometer is 29 2 m of mercury and the vapor pressuie of the 
water at 70° F is 0 74 m of meicury The combined efficiency of fan and 
motor IS 50 per cent and power costs 3 cts per kw -hr 

Assuming the gas to be saturated with watei vapor, calculate (a) the 
flow as cu ft per hi , and (6) the power cost of operating the oiifice per 
24-hr da^ 

/ FLOW OF HEAT 

An insulated furnace wall consists of 41 in of brick A followed by 9 
m^of brick B The suiface temperature of brick A on the furnace side is 
1,265° F , and the surface temperature of brick B on the side exposed to the 
loom IS 250° F 

After insulating this furnace with a 2-m layer of magnesia block {k = 
0 040 B t u X ft per sq ft per deg F per hi ) the following tempeiatures 
were observed 

Surface of brick A on the side exposed to the furnace 1,314° F. 

Interface, between buck A and brick Bj 1,211° F. 

* For the sake of illustration, assume that the viscosity data on Fig 26 
(p 83) apply here 
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Inteiface, between buck B and magnesia block, 913° F 
Outer suiface of magnesia block, 170° F 

Calc^llate the heat loss altei insulating, expressed as a percentage of the 
heat ^Oss when baie, neglecting variations of ^ with tempera tuie 

Heat is flowing thiough a flat slab of insulation, 2 in thick, on the 
veitical wall of a Sw^enson evapoiator The value of /c is 0 04 B t u The 
tempeiatuic on the tw^o faces of the insulator arc 190 and 90° F 
Calculate the B t u flowing pet hi pei sq ft 
0) The cast-non wxall of the evapoiatoi is 2 thick, A- =30 Calcu- 
late the diop 111 temperature through the metal 

10) If the value of h fiom steam to innei wall of the evapoiatoi is 2,000 
B t u pel hi pel sq ft pei deg F , calculate the temp drop fiom steam to 
metaj^ 

0(1) If the room tempeiatuic is 74° F , calculate the value of h from 
insulation to the room 

0 (^Iculate the value of H, ic , the B t u per hi pci sq ft per deg F 
liom i0xm to loom 

a ccitam wmtei-tube condensei, ^,^, = 600 Btu per hr pei sq ft 
OTinside suiface pci deg F difference fiom tube to waiter In ordei to 
a(‘C‘ount foi this coefficient as due to conduction through a stagnant film of 
water, j^immg /c«, = 0 35, how^ thick would this film have to be, expiessed 
in 

A suiface condensei is to opeiatc wuth steam condensing outside the 
jnpes and cooling water flowing inside the pipes The coppei tube to be 
used IS 1 00 m inside diameter and luis a wall thickness of 0 059 in Making 
tlie assumption given below, calculate the overall coefficient of heat transfei 
fiom steam to wxatcr based on 1 sq ft of outer surface, 

Asmmyhom — At the water velocity and film tempeiatuie involved, the 
w^atci-side coefficient is 600 pci sq ft of inner surface At the steam veloc- 
ity and tempeiatuic imolved, the steam-side coefficient is estimated as 2,000 
pei sa/ii on the steam side 

lOOOOcu ft pei mm of diy air at 70° F and noimal barometer is to 
Mlioaied to 170° F in a tubulai heater by means of saturated steam 
condensing (at constant pressure) at 220° F aiound the tubes The air is to 
bo blown through a number of hoiizontal 2-m actual inside diameter cold- 
duuvn steel tubes, arranged m paiallel, the tubes being expanded into suit- 
able tube-sheets at the two ends of the apparatus 

Assuming that the initial average air velocity in the tubes is 26 ft per 
sec , cahailatc 

(<i ) ^umbei of pipes in parallel 
Length of eaeh pipe 

Ij/v A continuous diiei requires 12,800 lb per hr of air at a temperature 
hf 170° F The available air is at a temperature of 70° F and is to be heated 
to 170° F by means of saturated steam condensing at 220° F inside the 
vertical pipes of the heater The air will flow outside and at right angles to 
the Meam pipes It is proposed to assemble the heater from standard sec- 
tions already available Each section consists of one row of parallel vertical 
pipes, each 3 ft. high, and the section is 17 pipes wide. Each section there- 



726 


PRINCIPLES OF CHEMICAL ENGINEERING 


foie contains 51 lin ft of pipe and at the line of pipe centeis the clcai aica 
for the how of air between these 17 pipes is 3 55 sq ft Since the outside 
diameter of the steam pipe is 1 281 in , the heating suiface pei section is 
17 1 sq ft in contact with the an 

The air flows through a numbci of such sections in sciies, each section 
being staggered with lespect to the adjacent sections For these conditions, 
Eq 39 (p 152) may safely be employed The specific heat of an is 0 24 
CJalculate the number of sections inquired 
|/7 Calculate the loss in B t u pei 24-hr day fiom 100 Im ft of standaid 
l?in steel pipe cairying saturated steam at 150 lb gauge piessure thiough a 
room at 70° F , 

^a/ If the pipe be baie 

M) If coveied with 2 in of coveimg, = 0 000165 gm cal (cm )/(sec ) 
(sq^erru)' (deg C ) 

C^culate the tempeiatuie of the outei suiface of the coveimg 

84 1 lb per hour of an, at an initial temperatuie of 70° F , is to be 
h^ted while flowing thiough one 19-ft length of standaid 2-in steel pipe, 
heated by means of diy saturated steam condensing m the S-in jacket at a 
constcylt temperatuie of 220° F 

Calculate the tempeiatuie at which the air will leave the 2-m pipe 
}/9 2,000 IJ S gal per hr of a light lubiicating oil, at an initial tempei- 
rtuie of 200° F , is to be cooled to 90° F , while flowing thiough a standaid 
2-in steel pipe, cooled by the counteiflow of watei thiough a jacket of 
standard 3-m steel pipe The water enters at 80° F , and leaves at 100° F 
Calculate the necessaiy length of the cooloi, expressed in feet 
Notes —Foi these conditions, the value of H from oil to water is given by 
bhe equation- H = 20u^ % wheie H is expressed as B t u pei hr per deg 
F per sq ft of inside surface, and u represents the oil velocity in lin ft per 
sec The average specific heat of the oil is 0 50, and heat exchange with the 
surrounchngs may be neglected Foi exact sizes of standard weight steel 
pipe, see page 101. The oil weighs 7 50 lb pei U S gal and 56 1 lb pei 
cu p/ 

ijA-Q Oirok studied the heat transmission fiom condensing steam to cool- 
ing water in a single-tube surface condenser, obtaining results both foi clean 
and fouled tubes Foi each tube the overall coefficient H was determined 
at a number of different water velocities The experimental results aic 
well represented by the following empiiical equations 


For the old fouled tube 


Foi the new clean tube* 


1 

268ii0 8 

0 00040 +^^ 


™ =0 00092 4- 

jfi 
1 

E~' 


wheie E is expressed as B t u per hr per deg F. oveiall temperature diffei- 
cnce per sq ft on the steain side, and u = water velocity inside the tube, 
expressed as ft pei sec 

The tube had inside and outside diameteis of 0 902 and 1 00 in respec- 
tively, and was made of Admiralty metal, = 63 B t u. (ft )/(hr ) (sq ft ) 
(deg F ) 

From these data calculate the following 
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Value of h=l/l foi the seulo oi slime deposited in the old tiuhe, 
assumiiui, the tuhe to lie fiee fiom deposit, oxpiessin^ h per sq it on the 
iratc ) ^ide 

h^) y Value of h on the steam side, e\picssed pei sq ft on the stcatn side 
coefficient on watei side foi a watci velocity of 1 ft pei see , 
e\piessed as IB t u )/(hi ) (deg F ) (sq ft on the watco side) 

EVAPORATT > ^ 

A two-effect multiple system of evapoiatois, with parallel flow of 
hcpior and vapoi, is to be designed to concentiate continuously 10,000 lb 
per hi ot 10 pei cent solution of a colloidal substance to a 40 pei cent solu- 
tion, the tcmpciature of the feed being 170° F It is planned to use satur- 
ated steam condensing at 220° F in the coils of the first effect and a vacuiffl 
o-vci the boiling solution in the second effect such that the solution will boil 
at 120° F The condensate from the coiT&i of each effecd is withdiawn fiom 
the system hlaking use of the data and assumptions listed belowq calcu- 
late tlie following 

J(ft) Lb of steam fed per hour 

Deg F boiling tempeiature m the first effect 
(c) Sq ft of heating suitace m each effect. 

Lb of waiter evapoiatcd per hour in the fiist effect 
Notes — Viea of healing suifnce is the same m each effect and heat losses 
to sunoundings me negligible Sp ht of feed hquoi is 0 900 Neglect 
boiling point laismg in each effec^t and assume oyeiall coefficients of heat 
tiansfer m the first and second effects of 300 and 100 B t u per hr per sq 
ft pel deg F Assume the latent heats of evaporation aie 965 B t u pet 
lb for the initial steam, 1,000 for that leaving the first effect, and 1.010 for 
that le^ng the last 

^^2^1ot the data given below as suggested by Duhi mg’s rule and detei- 
mme the boding point of the solution at an absolute picssure of 739 mm 
of mcicury 


The following tabic shows data for an aqueous solution containing 50 3 



Boding i,(nnp , deg C 82 10 90 28 95 45 100 85 106 10 110 61 

Pressure, mm meuury 112 9 162 4 202 6 253 0 311 6 371 3 


An aqueous solution of sodium salts of organic acids is to be concen- 
trated in a multiple effect system of evaporators The liquor is to enter 
the last effc(‘t at 170° containing 30 pei cent solids by weight and the 
steam available for the heating surface in the last effect condenses at 165° F. 
The average production desired is 10,000 gal pei 24-hr day of liquor con- 
taining 40 per cent solids by weighj^ * Using a suitable value of H, calculate 
the necessary sq. ft of heating surface in this effect. 

^ Bakke and Waite, Met and Chem Eng,, 26 , No 26 (Dec 28, 1921). 
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Per cent 
Solids 

Sp Gr 

Sp Ht 

Deg F, 

B pi 

Heat of 
Vaporization 
(B t u /Lb ) 

Rel Fluid- 
ity, 1/z 

30 

1 32 

0 720 

110 

1,030 

0 33 

40 

1 45 

0 615 

130 

1,019 

0 31 


1 Undei the vacuum existing m the effect 


Note — If water weie boiling in this evapoiatoi with the same overall 
tempeiature difference between steam and boiling liquid, the oveiall 
coeAcient would be 460 (see p 395) 

^ 4. State the advantage of 

\a) Film-type evapoiatoi s over the submerged-tube type 

r ) Submeiged-tube evapoiators ovei film type 

What are the methods used, both m design and operation of evapor- 
ators, to offset evils of 

(a) Entrainment ‘i*-. 
nb) Fiothing'? 

6 (a) Define boiling point laising and state its disadvantages in evapoi- 
ation 

(b) Name causes of boiling point raising 

HUMIDIFICATION AND DRYING 

1. Using vapor pressure data fiom steam tables, calculate 
(a) Humidity^' of air saturated at 140® F 

(b) “Saturated volume’' of air saturated at 110® F , assuming the per- 
fect gas law 

(c) Factor necessary to convert (b}^ multiplication) “pei cent relative 
humidity” to “per cent humidity,” for an having 50 per cent “relative 
humidity” at 140° F 

(d) Thp4lope of the adiabatic cooling line foi initial air having a dew 
point F , and a wet-bulb temperature of 100® F 

TfCbulate, with the figures just calcidated, the values lead fiom Fig 102 
|/2 Air of 50 per cent humidity at 70° F, is preheated in a j^)t-blast 
heatei to 170° F Tabulate the wet-bulb tempeiature and per cJnt humi- 
dity before and aftei preheating \ P* 

, 3 The air entering a certain drier has a wet-bulb tempeiatuic of 57® F 
/ncl a dry bulb of 70® F , and leaves the drier at a temperature of 120° F , 
with a dew point of 96® F The wet stock contains 60 pei cent moistui e and 
the houily production is at the rate of 1,500 lb , averaging, 15 per cent 
moisture Using the humidity chart, calculate 

1 ^) Cu ft. per mm of entering air, its dew point and per cent humidity 
^ B t u. per hr supplied by heating surface within the drier, neglecting 
the jyht capacity of the bone dry stock, and 

#) Wet-bulb temperature and per cent humidity of exit air 
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^4 A duel IS to be designed to i educe the watei content of a eeitain 
mateiial from 180 to lO^pei cent (diy basis) In ordei to piodiice the 
desued diving conditions, the entering air is to have a tempeiatuie of 120° F 
and a humiditv of 0 0110 lb of water per lb of dry an, and the exit air will 
leave at 110° F with 70 per cent humidity On the basis of 1,000 lb of 
product per hoiii, and neglecting the heat capacity of the bone-dry stock, 
calculate 

l^(cr) All entering the dtiei as cubic feet per minute 

Btu per hi to be supplied by the heating suiface within the diier. 
/"(r) Btu per hr to be supplied by the pi cheater, if the air enters same at 
70° F 

^({d) Total Btu consumed pei lb. of evapoiation 
^ Mv enteiing prcheatei at 70° F , as cu ft per mm 
(/) Tabulate temperature of the “diy bulb,” “wet bulb,” and “dew 
point” foi the an entering the preheater, the air entering the drier, and the 
air leaving the diier 

5 Flue gas containing methanol vapor is flowing at high velocity through 
a 4-in pipe The diy-bulb temperatuic is 199° F , and the total absolute 
pi cspui c IS 760 mm of mei cury The wick covering on the bulb of a second 
thcimometer is kept properly wetted with liquid methanol, and the reading 
of this theimometei is 68° F The flue gas contains a negligible amount of 
watei vapoi 

Referring to t}ie data and notes given below, calculate 
(a) Actual humidity of the gas, expressed as lb of methanol vapor per lb. 
of flue gas 

(/;) Initial condensing tempeiatuie or dew point of the gas. 

(c) Per cent methanol vapor in the gas 

Data — Specific heats, expressed as B t u per lb per deg F , are 0 24 for 
the flue gas itself, and 0 35 foi the methanol vapor Latent heat of vaporiza- 
tion of methanol, at 68° F , is 504 Btu per lb The molecular weights are 
32 foi methanol and 31 2 for the flue gas 


Vapor Pressures of Methanol 


Temp , deg F 

32 

50 

68 

86 

104 

122 

199 

Mm of mercury 

29 6 

54 7 

96 0 

160 

261 

406 

3,350 


I .6 A cooling tower 2,200 cu ft in volume, gave on test the following data 
^ Temperatuic of watei entering the top = 105° F c 
Tempeiatuie of water leaving the bottom == 84 7° F’. ? 

Temperature of air entering the bottom = 71° F. 

Temperature of air leaving the top = 90° F i 
Humidji.ty of the air entering the bottom == 0 0062 ^ 

Hurfdify of the air leaving the top - 0 0295 ^ 

Volume of air entering the tow'er = 55,900 cu ft per mm.^. • 

Volume of water entering = 707 gal per mm c/ 
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If the temperature of the entering an weie to use to 100° F with its 
absolute humidity remaining unchanged, which might happen between morn- 
ing and noon of a summer day, the weight of air and water remaining the 
same as before, to what temperature would the watei be cooled? 

^ 7 Wood chips are to be diied m a continuous counterfiow lotaiy driei 

solely at the expense of the heat of the air flowing thiough the duet It is 
estimated that heat losses from the outer surface of the drier will be negligi- 
ble The chips enter with 40 per cent moisture (wet basis) and leave with 
15 per cent moisture (wet basis), and the drier is to delivci 2,000 lb of prod- 
uct per hr The air enters the drier at 230° F with a humidity of 0 010 and 
leaves at 120° F As a lesiilt of suitable small-scale cxiierimcnts it has been 
determined that the actual air velocity must at no point exceed 8 ft per sec , 
as otherwise chips may be blown from the drier The chips must remain m 
the drier 2 hr in ordei to provide adequate time for the diffusion of the 
moisture from the interior of the chips to the surface The average size of 
the chips is 1 by 2 by i m thick, and the chips occupy 0 17 cu ft pei lb of 
bone dry chips The barometei may be assumed to be noimal 

What, should be the length and inside diameter of the diier in ft if the 
ratio of length to diameter be taken as 5 to 1? 

From a consideration of the drying data given below, what conclusion 
may be drawn regarding the late of drying of this particular sample? 


Dat^. 


(1) 

245 

212 

192 

155 

129 

107 

85 

82 

(2) 

0 

105 

170 

305 

380 

454 

523 

548 


(1) Pei cent total water based on bone-dry weight 

(2) yrime in rmnutes 

1/9 The production of a certain driei is 1 ton per hr , and the percentage of 
moisture on the wet basis is reduced from 50 to 15 per cent The humidity 
of the air passing through the drier rises from 0 0100 to 0 0200, while the 
air temperature falls from 155 to 100° F Assuming 1,055 B t u consumed 
per lb of evaporaton, calculate the ratio of the heat lost to the surroundings 
to that removed from the an in the drier 



’t.lSriLLATl^n^ 

For mixtures of benzene and toluene, co'nstruct the following plots, 
■■one sheet Assume that the laws of Raoult and Dalton apply 


Equilibrium diagram for constant pressure of one atmosphere, 


plotted with y, mol fraction of benzene in the vapor, as ordinates versus x, 


mol fp^tion of benzene in the liquid, as abscissae 
The boiling point as ordinates versus x 
i/c) Relative volatility, a, versus x ^ 

Curve of y versus x computed from the equation on page 591, and the 
average value of a 
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Data 


A a})()i piessuu's of benzene and toluene given below are taken from Landolt- 
Boinstem Tabellen (1912) 


Benzene 

Toluene 

Deg Cent 

Pjs Mm of 
]\Iei cuiy 

Dog Cent 

Ft Mm of 
Mercury 

70 

547 

no 4 

760 

80 

754 

105 3 

650 

90 

1016 

99 4 

550 

100 

1344 

93 2 

450 

no 

1748 

85 5 

350 




80,9 

300 


/{e) Plot weight fiaetion of benzene m the vapor, C, as ordinates versus 
the weight fiattion of benzene in the liquid, c, assuming molecular weight of 
each eom])oncnt is same in both liquid and vapor 

2 Poi a simple distillation at constant temperature, show that, if 
liaoult’s Law' apply, 

-dA A 
- is " "" B ' 

wdieie A is the mols of the more volatile component left in the liquid m the 
still at any time, and B is the mols of the less volatile remaining in the liquid 
at this time Show that this equation is a special foim of the Rayleigh 
equation (p 598) Integrate the equation Show that it applies to any 
two componenis of a multicomponent mixture, if these two follow Raoult’s 
Law', 01 if they deviate fiom it equally m diiection and degree 

3 A solution containing 60-weight pci cent benzene and 40-weight per 
cent toluene is subjected to a simple batch distillation at atmospheric pres- 
suie For the puipose of this problem assume a = 2 47 

(a) If the distillation be discontinued when the weight of the distillate 
amounts to 50 per cent of the weight of the charge, calculate 

1 The concenti ation of the mixed distillate, as weight per cent benzene 

2 The concentration of the liquid left m the still, as weight per cent 
benzene 

3 The amount of benzene m the distillate, expiessed as a percentage of 
the amount of benzene in the charge 

(b) If the distillation be discontinued when 90 per cent of the original 
lienzene is m the distillate, calculate 

1 The concenti ation of the mixed distillate, as weight per cent benzene 

2 The concentration of the liquid left in the still, as weight per cent 
benzene 

3. The weight of the distillate, expressed as a percentage of the weight of 
the change 
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4. A mi\iiure of 50 g of benzene .ind 50 g of toluene is subjected to 
sinaple batch distillation, at atmospheiic piessuie Plot boiling points as 
ordinates versus weight per cent of the chaige distilled off as abscissae 

Notes — Raoult’s law applies The vapoi pressuxes of the individual 
components axe given in Problem No 1 

5 A certain plant is discaiding 50,000 lb pex 24 hi of an aqueous solu- 
tion saturated with aniline at 20° C In oxdei to lecover aniline, it is pro- 
posed to subject this solution to a batch distillation at atmospheiic pressure, 
allowing the vapors to pass diiectly to a condensei and cooler fiom which 
distillate at 20° C is collected as fast as foimed This cold distillate is 
immediately separated into two layers, the aniline layei being collected as 
product and the watei layei being reserved for the next batch distillation 
The bottoms left in the still at the end of the lun are discarded 
Using the assumptions and data given below, calculate 
{a) When 80 per cent of the aniline of the charge has been distilled off, 
what per cent of the water in the chaige will have been vapoiized? 

(6) Under these conditions, per lb of aniline m the aniline lavei of the 
distillate, how many B t u are supplied as latent heat m the steam fed to 
the coils'^ 

]S[otes — The still and the vapoi mam aie sufficiently insulated so that the 
effect of heat losses to the sui roundings is negligible- Assume that the tem- 
perature of the liquid in the still lemains substantially constant at 99° C 
At 99° C the vapor pressure of pure aniline is 44 0 mm of meicury and the 
vapoi pressure of pure water is 733 mm of meicury At 99° C , aniline sat- 
urated with water contains 316 mol-per cent of water, and watci satuiated 
with aniline contains 1 42 mol-per cent of aniline At 20° C watei satui- 
ated with aniline contains 0 615 mol-pei cent of aniline, and aniline satuiated 
with water contains 214 mol-per cent of water Molecular weights of 
amline and of water are 93 1 and 18 0 respectively. At 99° C , latent 
heats of vaporization of water and aniline aie 971 and 240 B t u per lb. 
respectively Sp gr of aniline is 1 024 at 20° C 

6. A mixture of benzene and toluene is fed, slowly and continuously, 
into the upper end of a shghtly inclined tube, where liquid and vapor m 
equilibrium with it flow gradually in parallel sti earns to the lower end of 
the tube Bottoms and vapois are separated and withdrawn at this end of 
of the tube. The inclined tube is being heated from the outside and while 
the temperature of the contents may vaiy fiom point to point neai the 
entrance, the mixtui e is at constant temperature in the latter portion The 
feed contains 50 per cent benzene by weight The total pressuie is noimal 
barometric and Kaoult's law applies 

Calculate and plot boiling point at the exit, versus weight per cent ot 
feed distilled over. 

7 It is desired to design a bubble-plate column for the continuous separa- 
tion of benzene and toluene at atmospheric pressure The feed contains 
70 mol-per cent of benzene, and enters the column properly preheated 
The distillate is to contain 99 mol-per cent of benzene and the bottoms are 
to contain 99 mol-per cent of toluene. Other data are given below. 

(a) If an infinite number of plates were available, calculate the theoieti- 
cally minimum ratio of reflux to vapor m the eniiching section. 
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(5) In designing the actual column it is proposed that the molal ratio of 
1 eflux to vapor, in the enriching section, be 0 667. For these conditions, 
calculate* 

1 Total numbci of theoietically perfect plates leqmred 

2 Location of the feed plate, calling the top plate in the column numbei 
1 What will be the composition of liquid on the feed plate‘s 

Data and Notes — The cntiie column is directly connected to a still 
heated by satuiated steam condensing at 100 lb gauge pressure inside a heat- 
ing coil The vapois fiom the top of the column enter a simple, total con- 
densei, pait of the condensate being returned hot to the top plate, as reflux, 
the lemamder lieing cooled and withdiawn as distillate The molal over- 
flow may be assumed constant, except as affected bv the mtioduction of the 
feed The equilibrium i elation between liquid and vapoi composition, 
calculated fiom Itaoult’s law, is given m the subjoined table, compositions 
being expiessed as mol fi actions of benzene 


1 

0 

j 

0 131 

0 258 

0 407 

0 580 

0 776 

1 00 

y 

0 

0 262 

0 456 

0 628 

0 776 

0 898 

1 00 

B P , deg C 

110 4 

105 

100 

95 

90 

85 

80 3 


3 If the still IS to handle feed at the late ol 12,000 lb per hr , and the 
maximum allowable vapor velocity is 2 cu ft pei see per sq ft of total 
cross-section, what must be the inside diameter of the column How 
many lb pei hi ol steam are required by the heating 0011 *^^ 

Note — Latent heat of condensation of dry, saturated steam, at 100 lb 
gauge, IS 880 B t u per lb 

8 ^ An expenmontal packed column is being operated at atmospheric 
picssuro to strip ammonia from an ammonia liquor, the heating being accom- 
plished solely at the expense of dry, saturated atmospheric steam fed in at 
the base of the column A test on this column gives the data tabulated 
lielow 


Results with Present Column 



Lb Pei Hr 

Pci Cent NHs by Wt 

FcHid 

10 0 

1 50 

Product 

1 33 

9 50 

Waste 

11 47 

0 20 

Steam 

2 80 



It IS desired to increase the height of the present column m order to be 
able to strip the waste to a concentiation of 0 03 per cent NHa by weight 
If m the enlarged column the steam fed at the bottom is twice thetheoreti- 
1 For additional problems on steam distillation, see pp 737-738 
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cally minimum amount, calculate the height of the enlarged column 
expressed as a percentage of the present height 

Notes — In all cases the feed is at 70° F For the present it is agreed to 
assume that the individual coefficients Kq and kL are equal (see p 689) 
The equation of the equilibrium diagram, for the concentrations involved, is 
2/ = 12 where y = weight fraction of ammonia in the vapor and x — 

weight fraction of ammonia in the liquor {lGa)(A){dL)(ye — y) = (kia) 
{A) {dL)(x—Xe) = Lbs NH3 removed per hour, see p 680 

9 A solution of ethanol in water, containing 8 per cent ethanol by weight, 
is to be stripped in a continuous exhausting column operated at atmospheric 
pressure The feed, at the boiling point, enters on the top plate and flows 
down the column, while sat mated steam is blown in below the bottom plate 
The product of the column is the vapor from the top plate, and there is no 
reflux or overflow other than the feed itself The product is to contain 99 
per cent of the alcohol in the feed 

(a) For a column containing an infinite number of plates, calculate the 
minimum mols of steam required per mol of feed, the coi responding ma\i-> 
mum mol per cent of alcohol in the product, and the mol per cent alcohol m 
the liquid on the feed plate 

(b) Assume that in the actual column, the mols of steam injected per 
mol of feed are twice the minimum calculated above For these conditions, 
compute the number of theoretically perfect plates required, the mol-pcr 
cent of alcohol in the product, and the mol-per cent of alcohol m the liquor 
on the top or feed plate 

Notes — To simplify calculations, assume equal molal latent heats of 
vaporization of both water and alcohol, neglect the effect of temperature 
gradient throughout the column, assume heat losses are negligible, and that 
there is no heat effect of mixing liquid with liquid, or vapor with vapor 
Neglect the effects upon both boiling points and vapor compositions, of the 
pressure gradient through the column 

The following table (taken from Fig 145, p 590) gives the equilibrium 
values of C versus c expressed in weight fractions of alcohol in vapor and 
liquid, respectively 


c 

0 02 

0 04 

0 060 

0 08 

0 10 

C 

0 155 

0 32 

0 465 

0 538 

0 58 


10 The following pxoblem deals with derivations and proofs regarding 
continuous rectification of a mixture of two liqiuds which are mutually misci- 
ble m all proportions. Make the usual simplifying assumptions leading to 
the constancy of molal overflow except as affected by the introduction of the 
feed itself The feed enters Ihe bubble-plate column properly preheated. 
The vapors leaving the top of the column enter a total condenser, part of 
the hot condensate being returned as reflux to the top plate, the remainder 
being drawn off as product through a liquid cooler. The column is attached 
to a suitable still heated by steam condensing inside closed coils No live 
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stCcim IS blown into tho column The oquilibnuin curve is of the normal 
type, having no constant boiling-pomt except where r = 0 and x =1 

(а) Deiive the equation of the enriching line 
{b) Deiive the ecpiation ol the stripping line 

(c) Piove that those tuo opeiatmg lines intersect at x = t/ 

{(i) Piove that the cniiching line mteisects the diagonal {y = x) at x 
= rc 

(c) Piove that the stripping lino intersects the diagonal {ij = x) at x 

{]) Pi ove that tho minimum latio of reflux to vapor in the enriching sec- 
tion, On+JVn equals (ic — ///)/( rc— a/) 

{(}) \\ hen using this minimum latio of reflux to vapor explain why an 
infinite number ol plates is lequired 

(/i) When, in the enriching section, the ratio of reflux to vapor is unity 
show that tho operating line coincides with the diagonal y-i 

1 1 (Oxygen Column) Liquid air is fed to the top of a bubble-plate strip- 
ping column opeiated at substantially atmospheric pressure Sixtv per cent 
of the o\\ gen in tho feed is to be drawn off in the vapoi from the still, and this 
vapoi IS to contain 0 2 mol per cent of nitiogen Based on the assumption 
and data given lielow, calculate 

(ft) The purity of the crude nitrogen vapor leaving the top plate, 
expiesscd as mol per cent of nitrogen 

(б) The mols of vapor generated in the still per 100 mols of feed 
{() The numbei ot thcoiotically perfect plates lequired 

Notes — To simplifv the pioblem, assume that the molal overflow is con- 
stant throughout the column, and is equal to the mols of feed Liquid air 
contains 21 mol-per cent of o\^gen and 79 mol-pcr cent of nitrogen The 
equihbnum data^ foi atmospheue pressure aie shown below 


Tempeiature, Deg 
Kelvin 

Mol Pei Cent N 2 m 
Liquid 

Mol Per Cent N 2 in 
Vapor 

77 35 

100 00 

100 00 

77 98 

90 00 

97 17 

78 73 

79 00 

93 62 

79 44 

70 00 

90 31 

80 33 

60 00 

85 91 

81 35 

50 00 

80 46 

82 54 

40 00 

73 50 

83 94 

30 00 

64 05 

85 62 

20 00 

50 81 

87 67 

10 00 

31 00 

90.17 

0 00 

0 00 


12. Nitrogen Column). Liquid air is fed at an intermediate point 
between the top and bottom plate of a bubble-plate column operated at sub- 

1 Dodge, Chem Met Eng , 36 (Oct , 1928), 622 





736 


PRINCIPLES OF CHEMICAL ENGINEERING 


stantially atmospheric pressure The crude nitrogen vapor leaving the top 
of the enriching section is to contain 99 8 mol-pei cent of nitrogen In this 
case no vapor is drawn off from the still, but liquid is drawn off from the still 
attached to the bottom of the stripping section This liquid is evaporated 
in the jacket of a reflux condenser just above the top of the enriching section 
With an infinite number of perfect plates available, what would be the 
maximum purity of liquid drawn off fiom the still ^ Under these conditions, 
what IS the corresponding percentage recovery of nitrogen? 

ABSORPTION AND EXTRACTION 

1 Water contains organic color which is to be extracted with alum and 
hme Five parts of alum and lime per million parts of water will reduce the 
color to 25 per cent of the oiigmal color, and 10 parts will reduce the color to 
3 5 per cent 

Estimate how much alum and hme as parts per million are required to 
reduce the color to 0 5 per cent of the original color 

2 Fifty parts of copperas and lime per million parts of dye-house effluent 
removes 50 per cent of the color How much will be reqmred to reduce the 
color to 10 per cent, if 71 = 8 5? 

3 Cotton is piled loosely m a steel chamber which is gradually evacuated 
to 20 mm of mercury absolute pressure The cotton charged at 24° C 
contains 4 77 per cent of moisture (wet basis) and as piled contains 0 8 lb 
of water-free cotton per cu ft The barometer is 760 mm. , the sp gr of the 
dry cotton is 1 48, and the heat capacity of the cotton is sufficient to prevent 
appreciable change in temperatuie during evacuation. 

Calculate the ultimate moisture content of the cotton (wet basis) after 
evacuation 

Data — At 24° C cotton containing 5 00 per cent of moisture (dry basis) is 
in equilibrium with air contaimng 8 3 mm of water vapor, and cotton con- 
taining 2 00 per cent of water (dry basis) is m equilibrium with air contain- 
ing 1 65 mm of water vapor 

4 In the impregnation of cord-tire fabrics with rubber the fabric is 
passed through a bath of rubber cement. The benzene (CeHe) is evaporated 
from the fabric into flue gas which flows through the drier in a direction 
opposite to the travel of the fabric, the heat being supplied by steam coils 
within the drier The flue gas leaves the drier at 140° F containing 40 per 
cent of benzene vapor by volume, and is cooled to 70° F in a cooler of the sur- 
face-condenser type The evaporation of solvent in the drier amounts to 
200 U S gal of benzene per hr , and the barometer is 30 0 m of mercury 
Average Orsat analysis of the gas is 15 per cent CO 2 , no CO, and 5 9 per 
cent O 2 Sp gr of benzene is 0 880, for vapor pressures, see p 17 

Calculate, 

(a) Per cent recovery in the cooler 

(b) Temperature at which condensation begins m the cooler, and 

(c) Cost of coke as cts per gal of benzene recovered m the cooler, assum- 
ing no flue gas recirculated and coke containing 85 per cent carbon to cost 
$8 per short, ton 
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5 The gases leaving the fore-cooler of Problem No 4 are compressed m 
two stages to a final pressure of 132 3 lb gauge At the end of the first stage 
the gas IS cooled to 70° F m the inter-cooler The gas leaving the intercooler 
IS coinprossed to the final pressure and then cooled to 70° F in an after- 
cooler Assume the latio of the effective cvhnder displacements m the two 
stages to be the standard one, ^ e , such that the absolute pressure in the 
intercooler is the geometric mean of the absolute pressures entering the first 
stage and leaving the last stage. 


Calculate* 

{a) Per cent lecoveiies in mter-cooler and after-cooler 
(b) Temperature of gases entering the after-cooler and the horsepower 
thcoietically lequircd in the second stage of the compression (see p 97) 

The value of A, or (cp/cv), equals 1 404 for O 2 , 1 404 for N 2 , 1 30 for COj, 
and 1 10 foi benzene 

6 A plant using benzene as a rubber solvent evapoiates this solvent into 
flue gas and iccoveis the benzene theiefrom by absorption in a very high- 
boihng m mei al oil Ovci the 1 ange of concenti ations involved, Raoult^s Law 
applies when the aveiage molecular weight of the oil is taken as 220 The 
solution of benzene m the oil is denuded of benzene by vacuum steam distilla- 
tion at a tempeiature of 300° F , employing steam supei heated to 300° F 
The operation is cairied out m a countei current tow^ei supplied with the 
necessary heating suifaco propeily distributed to maintain substantially con- 
stant tempeiaiuie thioughout the tower The rich oil enters this tower 
containing 3 pei c(mt of benzene by weight and is preheated to 300° F 

At 300° F , the piessure of pure benzene is 4,400 mm The condensing 
tern pel atuic is 90° F , at wdiich temperature the vapor pressure of benzene 
IS 138 mm and that of water 36 0 

(а) Foi complete stiippmg of the oil, what is the theoretically minimum 
amount of steam pei lb of benzene recovered by the distillation, assuming a 
tow^er of sufficient height so that substantial equilibrium between steam and 
oil could be securecr^ 

(б) Now asbume that a tower of sufficient height be opezated with the 
thcoietically mmimiim amount of steam. What is the corresponding 
weight per cent of benzene m the oil leaving the bottom To what per cent 
removal of the original benzene does this correspond‘d* What is the corre- 
sponding minimum coiibumption of injected steam ‘i* 

(( ) Now assume that enough steam is fed so that the molai ratio of ben- 
zene to steam in the vapois to condenser equals 2 8, and that the column is 
sufficiently tall so that equilibrium could be obtained To what per cent 
xemoval of the original benzene does this correspond'd* Calculate the lb of 
injected steam per lb of benzene removed as distillate 

(d) If colder condenser water be available so that the effective condensing 
temperature can be reduced to 70° F , at which temperature the vapor pres- 
sure of benzene is 67 mm , and that of water 18 8, by what per cent could 
one expect to reduce the steam consumption per lb of benzene as compared 
with part (a), operating under conditions to give substantially complete 
stripping? 
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7 A tower is being designed for the continuous stripping of benzene iroin 
a non-volatile oil by means of superheated steam, employing a packed 
column operated under vacuum, the total pressure being 200 mm of mer- 
cury The operating temperature is held constant at 300° F by means of 
high-pressure steam condensing inside closed coils properly distiibuted 
throughout the column The feed contains 1 5 per cent benzene by y eight 
and is preheated to 300° F 

In making a preliminary design it is agieed that the steam is to remove 90 
per cent of the benzene present m the feed and that the minimum diiving 
force, ye^y, is to be taken as 0 05 mols benzene per mol of steam For this 
condition, calculate the lb of superheated steam injected per lb of benzene 
distillate 

Notes — The gas film resistance to diffusion may be taken as of controlling 
importance At 300° F , the vapor pressure of pure benzene is 4,400 mm of 
mercury The molecular weights of steam, benzene, and bcnzene-fi cc oil are 
i8, 78, and 220, respectively, Raoult^s Law apphes at equilibrium. 
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both films contiollmg, 658, 689- 
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( ipacity eoofficiouts, individual, 
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correlation of, \\ith heat trans- 
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liquor velocity, effect on, 705- 
715 

mass velocity, effect on, 714 
molecular v eight as affecting, 
660-661 

overall, 705-715 
ratio of length to diameter, 
effect on, 711 

tempeiature, effect on, 636, 659 
viscosity, effect on, 705-715 
(def ), 630 
diagrams, 677-692 
(hffuHivitv, 659-661 
dimensional analysis, applied to, 
714 

drying by, 483 
effect of solubility, 654-659 
(Hpiations, for point conditions, 
651-662 

for variable conditions, 675-715 
equilibria, 634, 637-651 
approach from both sides, 639 


Absorption, equilibiia, classification 
of, 639 

Fick’s law m, 637 
film theory ot, 652-662 
gas film controlling, 655, 682-688 
graphical solution of problems in, 
675-715 

Henry’s law in, 642, 658, 690 
liquid film controlling, 656, 680- 
682 

logarithmic mean m, 691 
mass velocity in, 714 
mechanism of, 651-653 
nomenclature, for point conditions, 
661-662 

for variable conditions, 676 
of air by water, 640 
of ammonia by water, 705-715 
of benzene by oil, 632, 641, 717- 
718 

of carbon dioxide, by carbonate 
solution, 649-650 
by lime, 649-651 
by water, 640 

of complex mixtures, 692-694, 
699-705 

of gases by solids (see AchorpUon) 
of hydrocarbons in oil, 692-694 
of hydrochloric acid by water, 42, 
655-656 

of moderately soluble gases, 658- 
659 

of oxygen by water, 640, 656-657 
of slightly soluble gases, 656, 680 
of sulphur dioxide by water, 634, 
694-698, 705-715 
of very soluble gases, 655, 682 
of water vapor by sulphunc acid, 
649, 677, 711 
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Absorption, pressure m, 703 
problems in, 736-738 
process, 631-632 

Raoult's law in 641, 692-694, 700- 
705, 717 

rate of fluids and solids, 662-664, 
715-721 

rate of, gases by liquids, 635, 651- 
662, 675-715 

ratio of liquid to gas in, 677-679, 
699-700 

recovery of treating agent, 636 
separation of gases by, 335, 630 
temperature control in, 636 
temperature for, 636, 640-642, 
659, 703 

towers (see Towers) 
two film theory of, 652-662 
vs adsorption, 630 
vs desorption, 714 
Acetylene, combustion of, 194 
drying of, 483 
Adiabatic (def ), 451 
cooling lines, 450-457 
expansion and compression of 
gases and vapors, 97, 104 
Adsorption (see also Adsorpt'ion, 
FvUiation, Chaicoal) 
charcoal in, (sec Charcoal) 

(def ), 630 

diagrams, 677-692, 717-721 
drying by, 483 
effect of, in drying, 488 
equilibiia, 643-649 
Freundlich equation, 645-647 
temperature effect on, 647 
of benzene by charcoal, 644, 716- 
718 

of carbon dioxide by charcoal, 
643-644 

of gas by solid, 662, 715 
apparatus for, 666-667 
gas films m, 662 
gas velocity as affecting, 662 
graphical solution of problems 
m, 718 

mechanism, 662-664 


Adsorption of gas by solid, piocess, 
632 

rate of, 662-664, 715-721 
of hydrocaibons by chaicoal, 647 
of nitrogen by charcoal, 644 
of sulphui dioxide by silica gel, 
647 

of water vapor by sulphuric acid, 
649, 677-688 
selective, 647 

separation of gases by, 335 
silica gel m, 632, 647 
absorption, 630 
volatility m, 647 

Adsorption Filtration, Fiiteis, (see 
also Adso) phon) 
agitation m, 671-672 
apparatus, 668-672 
batch countcucuiront proct'ss, 
669, 718-72 1 

bone char m, 634, 649, 670-672, 
718-721 

revivification of, 671 
charcoal in (sc'c Chat coal) 
charging of, 669 
channeling in, 669 
choking of capillaries m, 663 
clarifying of oils bv, 634, 649, 663, 
670 

of syiups, 718-721 
diagrams for, 718-721 
equilibria, 643-649 
false, 664 

Freundlich eqiuhbruim equation, 
645-647, 718-721 
Fuller’s earth m, 634, 649, 663, 670 
gram size in, 663, 669™()71 
graphical solution of problems m, 
718-721 

liquor travel, direction of, 069 
liquor velocity m, G69 
mechanism of, 662-664 
molecular weight as affecfmg, 663 
of oils, 634, 649, 063, 670 
of syrups, 634, 640, 670, 718 721 
operation of, 668-672 
process, 633-634, 668-672 
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Adsorption Filtration, Filteis, i a tool, 
662-664, 715-721 
lotciry filters loi, 671 
selective, 647 
silica gel in, 632, 647 
washing of, 670-671 
Agitation by an, 391 
Air, ibsoiption of, by water, 640 
anal} sis of, 4 

aveiage moleculai weight of, 4 
cue Illation of, in drying, 507 
eonipression, woik of, adiabatic, 
07, 104 

isothermal, 95, 104 
conditioning of, 462-480 
cooling of, by humidification, 462- 
480 

ciitical \elocit\ of, 77 
dehuinidification ol, 462-480 
density of, 48 
dew point of, 442 
dilfusional velocity of, 385 
drying by (see Dnjuig oj /Ui) 
excess, in combustion, 29, 212, 214, 
243 

film, thickness of, 39, 147, 714 
flow of, in ducts, 89 
flow* of, in pipes, 73-79, 85-88 
equation for, 94, 97 
f notion factois for, 85-87 
flow of, through oiificcs, 53-59, 
93, 96 

-gas-nuxtures, 223 

combust, ion of, 205, 222-224 
(explosive limits of, 205-206 
heat (aipaiaty of, 10 
hcatcas, size of (calculation), 153- 
154 

most (economical an velocity m, 
158 

humid heat of, 442 
humid volume of, 442 
humidification of, 462-480 
humidity chait for, 448 
humidity of, 442 


Air 111 steam, effect of, on heat, tians- 
mission, 155-156 

measurement of (see Floiv of 
Flmdb) 

meters for, 52-75 
moisture m, 441-461 
nccessaiy for combustion, 28, 214, 
243 

preheating of, for furnaces, 235- 
241 

pumps for condensers, 399 
recirculation m drying, 505 
saturated volume of, 442 
solubility of, in w^ater, 640 
specific heat of, 153 
specific volume of, 447 
thermal conductivity of, 182 
w^ashing of, 462-480 
work of compression or expansion 
of, 95, 97, 104 

Air-drieis, (sec also Diijing, Dnen) 
design oi, 508-557 
-drying, mechanism of, 485 (see 
also Dyying^ Drien) 
under variable conditions, 528 
Alcohol, distillation of, 595, 616-622 
Alcohol-w ater mixtures, properties 
of, 590 

Ammonia, absorption of, by water, 
705-715 

Ammoma-water mixtures, vapor vs 
liquid composition of, 593 
Amyl alcohol, distillation of, 595 
Analysis of gases (see Orsat Anahjbis) 
of coal, pioximate, 189 
ultimate, 188, 226 

Anemometer, measurement of gas 
by, 71 

Angle of repose, 312 
of nip, 289 

Aniline, distillation of, 565 
vapor pressure of, 430 
-water mixtures, distillation of, 
587 

Annular space, critical velocity m, 95 
heat transfer m, 144 
hydraulic radms of, 89 
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Appendix (Piol)loms) 723-738 
Area oi heating surface, aiithmetic 
mean, 124 (see also Flow of 
Heat) 

geometric mean, 128-129 
logarithmic mean, 123-128 
\sh, combustible in, 210 
fusion point of, effect on capacity 
of gas producer, 249 
lemoval of, fiom furnaces, 210 
lemoval of, fiom gas producers, 
253 

Atmosphere, normal pressure of, 7 
Atom (def ), 3 
gram, 3 
pound, 3 

Atomic heat capacities, 12 
Dulong and Petiffs rule for, 11 
Attrition, grinding by, 280, 292 
Avogadro's law, 4 

B 

Badger evaporator, 415 
Bag filters, for dust, 331 
for liquids, 354 
Ball mills, 293-298 
Hardmge, 294r-295 
Marcy, 293 

Ball mills, operation of, 296-297 
Band drier, 496 
Barometric condenser, 399 
pressure, 7 

Bartlett- Hayward washer, 666 
Batch vs continuous process, 16-18, 
490, 669, 71B-721 

Benzene, absorption of, by oil, 632, 
641, 717 

adsorption of, by charcoal, 644, 
716-718 

vapor pressure of, 17 
-toluene mixtures, boiling point- 
composition diagram for, 561 
rectification of, 579-581, 613 
Bernoulli’s theorem, 43-45, 102-116 
Binary mixtures of liquids, distilla- 
tion of, 560-569, 571, 579-581, 
595-622 


Benzene, \apoi pressuies of, 582-588 
vapor vs liquid composition ot, 
589-593 

Black bod>, radiation from, IbO 
coefficients (tabic), 184-185 
Blake crushei, 283 
Blast, diy, 482 

Blast-furnace stoves, heat transfei 
m, 236-241 

Blast furnace, use of oxygen in, 241 
Boilers, combustion rates in furnaces 
for, 210-212 (see also Comhus- 
tion, Fwnaccs) 

Dutch oven for, 211 
grate suiface in, 211 
heat radiation m, 163-165, 211 
heat tiansfei in, 148-154, 163-165 
stokeis foi, 209-210 
Boiling point-composition curves, 
589 

of alcohol-w atci mixtures, 590 
of benzene-toluene mixtures, 561 
Boiling point (def ), 385, 485 
of aqueous solutions, 431 
of constant boiling mixtures, 564, 
593 

of pure liquids, 17, 430 
Boiling point raising of solutions, 
due to dissolved solute, 406-428 
due to hydrostatic head, 429 
effect of, on capacity of evaporator, 
406, 429 

Bone char (see Adsorpho?i Filtration) 
Bourdon pressure gauge, 47, 51 
Box filters, 343 
equations for, 367 
Bradley mill, 303 

Brine cooler, hydraulic radius of, 144 
British thei rnal unit, 8 
Bubble caps, 574-576, 612 
Bubble plate columns, 575 
Buflovak evaporator, 414 
Burr mill, 303 

C 

Cabinet driers, 492-494 
Calcination m sprav form, 233 
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C^alcuLition, basis of, 25-27 
general methods of, 23-24 
general piocedure of, 27 
Cdloiie, gram, 8 
pound, 8 

Calorific powci of fuels (see Heating 
Value) 

Capillary tubes, flow of fluids in (see 
Flow of FlmdV) 

(\ips, bubble, 574^576, 612 
Carbon, combustion of, 193-206 
Caibon dioxide (see also 0)bat 
Analij^iV) 

absorption of, bv watei, 640 
bv caibonate solution, 649-650 
by lime, 649-651 

adsoiption of, by charcoal, 643- 
644 

dissociation of, 193-195 
m water gas, 203 
recordeis, 225 
solubility of, m water, 640 
C^aibon monoxide (see also Oisat 
Analijhih) 

dissociation of, 193-195 
111 watei gas, 203 

Calmer equation for air heaters, 152 
Cascade flow, in concentrating 
liquids, 392 

Catalysis of combustion reactions, 
196, 206, 213, 222 

Caustic soda solutions, boiling points 
of, 431 

Duhrmg’s lule applied to, 432 
concentration of, 393, 425, 433 
Ceco spray washei, 665 
Cement kiln, 220, 231-233 
kmtigrado heat unit, 8 
kiiitipoise, 99 

.lentrifugal force, applied to crush- 
ing, 287, 298 
drying, 354, 184 

sepal ation of liquids from gases, 
402 

liquids from liquids, 333 
solids from gases, 330 
solids from liquids, 354 


Centrifugal roll mill, 298 
Centiifuge, 355 
Chamber diier, 492-494 
Charcoal, adsorption of carbon 
dioxide by, 643-644 
adsorption of hydrocarbons by, 
647 

adsorption of nitrogen by, 644 
capillaries in, 662-664 
gram size, 663-664 
recovery of benzene by, 644, 716- 
718 

vs oil, in benzene recovery, 717- 
718 

Char Filters {see Adsot ptiori Fil- 
tration) 

Chart, charts 

air heater, optimum velocity m, 
159 

air m steam, effect on heat tians- 
fer, 156 

boiling point-composition, 561, 
590 

combustion of coke, 199 
contiaction loss coefficient, 92 
Cox, 17 

dissociation constants for gas reac- 
tions, 195 

drying data, 519-528 
Duhrmg’s rule, 430-432 
equilibrium moisture, 489 
him coefficients of heat transfer 
foi liquids in pipes, 141 
fluidity of water, 142 
friction factors, 87 
heat capacities of gases, 10 
of liquids, 11 
of metals, 12 

heat transfer coefficients m evap- 
orators, 395 
m pipes, 141 
Hildebrand function, 16 
humidity chart, ordinary range, 
448 

high range, 456 

humidity cquilibiium curve for 
hydrated crystals, 546 
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Chart, latent heat of vaporization, 16 
McCabe and Thiele, 607 
optimum velocity m heaters, 159 
orifice, loss of head in, 56 
pipe covering, heat loss through, 
126, 127 

radiation and convection losses, 
168-169 

rectification, 607 

sensible heat content of gases, 
B t u , 14 
C h u , 13 

vapor pressures of liquids, 17, 590 
vapor vs liquid composition, 590, 
593 

velocity in pipes, latio of mean to 
maximum, 66 

velocity, optimum, in heaters, 159 
viscosity, of gases, 78 
estimation of effect of tem- 
peratiae on, 82, 84 
of liquids, 83, 84 
of water, 81 

water-gas formation, 203 
Chaser, 292 

Checkers, regenerative, 236-241 
Chemical precipitation, drying by, 
483 

Chilean mill, 292 

Choke feeding vs free crushing, 280 
Cider, concentratmg, 482 
press, 357 

Clapeyron (Clausius) equation, 433 
Clarification by adsorption (see 
Adsorption Filtiation) 
Classification, hydraulic, 324 
Classifier, Dorr, 326 
Spitzkasten, 325 
Clausius equation, 433 
Clinkers, formation of, in gas pro- 
ducers, 210 
Coal, 188 
ash in, 189 
coking of, 215 
drving of, 498-502 
firing of, 208-216 
fixed carbon m, 189 


Coal, heating value of, 190 
hydrogen content of, calculation 
of, from gas analj sis, 24 
moistuie in, 189 
net hydrogen in, 189, 226 
nitrogen content of, effect ol, on 
calculations, 23, 189 
powdered, 220-222, 231-233 
producer gas Irom, 246-272 
proximate anahsis ol, 189 
ultimate analysis of, 188-189 
volatile combustible matter in, 189 
Coefficient (see name of piocesb) 
Coke, combustion of, 199, 217 
ovens, distiibution of heat in, 219 
producer gas fiom, 248 
Cokmg, in fuinaccs, 197, 209 
Columiih, rectilvmg, 563, 569, 574- 
582 (sec also To wen) 
stripping, 569 
Combining weights, 3 
Combustion, 193-206 (see also Fu)~ 
nacesj Kilns, Gas PiodiKcn) 
calculations, 2-5, 23, 28-31, 221- 
228, 241-245, 258-272 
catalysis, effect upon, 196, 206, 
213, 222-223 
engine, 190, 192 
equilibria, 193-195 
heat effects of, 193 
long-flame, 2 1,5-2 19, 246 
modified primary, 215-219 
of gases, 196, 201, 205-206, 212 
213, 222-224 
of liquids, 205 
of solids, 197-201, 246 
of sulphur, 30 
primary, 198-201, 208-212 
rates, 196, 210-212 
reactions, 193 
secondary, 201, 212-219 
surface, 196, 223 
temperature, effect upon, 196 
Compartment dneis, 492-494 
Compressed air (gases), adiabatic 
expansion and comprc'ssion, 97, 
104 
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Compicssed all (eiasos), flow m pipes, 
(sec Flow of Flmds) 
isothermal expansion and com- 
pression of, Q5, 104 
measuKmient of (see Flow of 
Fluidh) 

Compiessibilitv of liquids, 102 
Compiession, adiabatic, of gases, 97, 
104 

isotliermal, of gases, 95, 104 
Condensation, partial, 572, 599 
dilhaential, 599 
bv dilution w ith cool gas, 570 
Coiulenseis, 39(S--399, 578 
barometnc, 399 
for distillation, 571, 578 
jet, 399 

paitial, 573, 578 
suifaee, 398-399 

eoefheumt of heat transfer m, 
150 

cooling watei K^quired (calcula- 
tion), 157 

bill lace reciuiied (calculation), 
157 
tai, 572 

(Conditioning of air, 462-480 
Conduction of heat (def ), 37, 119 
Conduction, heat transfer by, 119- 
134 (see also Flow of Heat) 
by paiallel flow, 133 
by seri(*s flow , 132 
from solid to solid, 134 
through fluid films, 135 
through nu4al container, 145 
(\>nduction of heat through solids, 
of circular cross-section, 123-128 
of constant cross-scction, 121-122 
other shapes, 129-131 
spheies, 128-129 

Conductivity, thermal (def ), 120 
conversion factors for, 184-185 
tables of, 181-183 
variation of, with temperature, 
120, 181-183 

Conduits, pressure drop of gases in, 
89, 94 


Conical ball mill, 294-297 
Conservation of elements, law^ of, 
2 

Conservation of energy, law of, 2 
Constant boiling mixtures, 564, 593 
Constant pressure distillation, 589 
temperature distillation, 582-588 
Contact catalysis, 196, 222 
Continuous distillation, 580, 600- 
625 

diiers, 495, 504 
evaporation, 388-440 
pi 0 cesses, 17-18 
rotary filters, 352 

Contraction loss, in flow of fluids, 
90-92 

Convection (def ), 37, 119 
film concept as related to, 134 
of heat through condensing 
vapors, 154-159 
through gases, 147-154 
through liquids, boiling, 145- 
147 

through liquids, not boiling, 
138-144 

Conversion factors, for absolute tem- 
perature, 10 

film coefficients of heat transfer, 
185 

heat units, 8 

overall coefficients of heat transfer, 
185 

radiation coefficient, 162 
thermal conductivity, 185 
viscosity, 84^85 
Coolers (see Flow of Heat) 
spray type, 462-480 
Cooling towers, ponds, 464 
Copper, effect on heat transmission 
upon substituting for steel, 145 
cvapoiating pans of, 145, 396 
Corrosive liquids, evaporators for, 
392 

vapors, condensers for, 399 
Cotton, moisture content vs humid- 
ity of air, 489 
Cottrell separator, 332 
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Countercurrent, 228, 635 
in absorption, 635-636, 675-715 
in adsorption filtration, 669 
in blast furnace stoves, 236-241 
in decantation, 675 
in dehumidibcation, 468, 472-474 
in desoiption, 635-636, 675-715 
in distillation, 563, 573-582, 600- 
629 

m drying, 499, 531-557 
m extinction, 635, 669, 673-675 
in evapoiation, 389, 390, 424 
in gas producers, 250 
in heat transfer, 143, 149, 173, 218, 
228-241, 389, 424, 581 
in humidification, 472-474 
in kilns, 218, 228-241 
in lixiviation, 635, 673-675 
in mechanical separation, 300, 
325-327, 332 

in percolation filtration, 635, 669 
in rectification, 563, 573-582, 600- 
629 

m ring furnace, 232 
in scrubbing, 332, 635-636, 675- 
715 

in sedimentation, 675 
m stripping, 600-629, 635, 675-715 
m washing of gases, 635-636, 675- 
715 

in washing of solids, 635, 673 
in water cooling, 465, 469 
principle of, 228, 635 
Shanks system of, 673 
stepwise, 673, 721 
vs batch process, 16-18, 669, 718- 
721 

vs parallel flow, 500 
vs reversed current, 500 
Covering, pipe, heat loss decreased 
by, 125 

heat loss increased by, 126 
Creeping film, 37 

Critical velocity of fluids in pipes, 75 
effect on heat transfer, 140-141 
effect on pressure drop, 75 
table of, 77 


Crushoi, fine, 288-293 
gyratory, 285 
j xw type, 282-284 
lotaiy, 291 
Symonds disk, 287 
Crushing and grinding, object of, 
273 

affected by mechanical structure, 
278 

affected by moistuic, 278 
by open and closed circuits, 281 
classification of machines for, 279 
energy consumed m, 275 
effect of physical properties on, 
276 

machinery, selection of, 276-279, 
305 
roils, 288 

B 

Dalton’s law for gas mixtures, 3 
Data, choice of, 21 
mibsmg, 27 

Dc-adsorption (see xidsorption^ 
Adsorption Filkns) 

Decantation, 332-339 
advisability of, piior to filtration, 
365 

Decolorizing (see Adsoiphon Filtra- 
tion) 

Dehumidificrs, coefficients foi, 472- 
474 

design of, 476 
equations for, 472 
spray- type, 463 
surface-condensation type, 463 
Dchydiation, 381, 390, 482, 587, 675- 
688 (see also Dtying) 

Denuding (see Stiippiag) 
Dephlegmation (def ), 574 (fe(‘e also 
Rectification) , 

Design (see name of pwcess) 
Desorption {see Absorption) , 
Destructive distillation, 197, 380, 
558 
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Dew point (dot ), 442 
plot of, t's humidity of air, 448 
Diagrims (see C hails) 

Dialysis, 35()~-35S 
Dietzseh kiln, 229 
Differential gauge, 47, 54 
head, 47 
manoineteis, i7 
partial condensation, 599 
Diffusion of gases, in combustion 
leactions, 200 
Diffusion of heat (def ), 37 
Newton’s law foi, 119, 444 
as applied to humidifiers, de- 
hinnidifieis, and watei cool- 
ers, 462-480 

Diffusion of mattoi, Newton’s law 
for, 512 

as applied to absoiiitioii of gases, 
461, 635, 652-662, 675-718 
as applied to pei eolation filters, 
635, 662-664, 715-721 
as applied to hxiviation, 635, 662- 
664, 7b5-721 
drying, 486, 512-527 
wniter coolers, 469 
thiough porous membrane, 334 
Diffusional processes, general prin- 
ciples of, 630-664 
classification of, 630-634 
Dimensional analysis, 85, 110, 139, 
714 

Dimensional models, 116-117 
Discharge coeflicient, lor standard 
orifice, 53-55, 93 
for Ventim meter, 60-62, 93 
Dismfcgiator, hatnmei type, 304 
sqninel cage type, 305 
Disk ciushm, 287 
Dissociation of gases, 193 
Distillation, 558-629 (see all Rectiji- 
cation^ Hectifi/irig (hhmms) 
apparatus for, 564-582 
at constant pressure, 589 
at constant temperature, 582- 
588 


Distillation, basic principles of, 380- 
388, 560-564 

columns for, 574-578 (see Toweis) 
condensers for, 570-573, 578-579 
continuous, 580 
vs intermittent, 581 
design of apparatus for, 582-629 
distribution of reflux m, 577 
dcstiuctive, 197, 380, 558 
Duhem-Margules equation for, 
585, 587 

effect of heat losses on, 568, 597 
estimation of latent heat of vapori- 
zation, 14-16, 432 
equilibrium data for, 558, 561, 
582-594 

fi actional, 574, 594 
fractional condensation m, 572 
heat recovery in, 581 
heat required for, 14-16, 433, 597, 
600, 629 

Henry’s law, (see Henryk s law) 
intermittent, 579, 595 
introduction to, 380-387, 558 
methods of calculation, 595-629 
of acetone-methyl alcohol mix- 
tures, 629 

of alcohol, 595, 616-622 
of amhne-water mixtures, 565, 587 
of benzene-toluene mixtures, 579- 
581, 613 

of complex mixtures, 594 
of immiscible liquids, 558 
of liquid mixtuies with a constant 
boiling point, 564 
of miscible liquids (binary), 559, 
571, 582, 589, 598, 600-628 
of nitric acid, 576 
of partly miscible liquids, 559, 586 
of petroleum, 571, 579, 594 
of water, 381 

optimum reflux m, 622, 626 
overflow m rectifying column, 577, 
600-627 

partial condensation, 572, 599 

plate columns for, 574 

plate efficiency m a column, 612 
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Distillation, preheaters used in, 581 
problems in, 730-736 
processes, 564-582 
Raoult’s (see Raoult's law) 
Rayleigh equation for, 598 
reflux in rectifying column, 577, 
600-627 

simple, 572, 598 

steam, 565-569, 595-598, 632, 
667, 675-698 

towers for, 576, 667 (see Towers) 
use of inert gas m, 566 
use of injected steam m, 565 
use of superheated steam m, 567 
use of vacuum m, 566, 569, 577 
vapor velocity in, 625-627 
volatility, 585 
Dodge jaw crusher, 284 
Doherty-Eldrod kiln, 218 
Dorr classifiei, 326, 675 
thickener, 337-339, 675 
Draft gauge, 49 
Dressier tunnel kiln, 233-236 
Driers, 481-557 (see also Drying^ 
Dryirig by Air) 

auxiliary operations and equip- 
ment for, 504-508 
band, 496 
cabinet, 492-494 
chamber, 492-494 
circulation of air in, 507 
classification of, 491 
compartment, 492-494 
continuous, 495-504 
control of humidity in, 506 
control of air temperature in, 505 
counterflow, 499 

design of, 508-557 (see also Dners, 
Design of) 
drum, 497-498 

equations for, 511-557 (see also 
Dnjing Equations) 
intermittent, 490-495 
loft, 492 

parallel flow, 500 
recirculation of air in, 505 
recuperation of heat m, 504 


Driers, leveised cuiient, 500 
rotary, 498-503 
Ruggles-Colcs, 501 
spiay, 502-504 

steam-heated drum and tray, 530- 
531 

superheated vapor, 504 
tray, 493 
tunnel, 495-497 
vacuum, 495 
wood, 493-494 

Driers, design of, 508-557 (see also 
Di'iers, Diying, Dujinq by Ad, 
Diying Equations) 
diiect-fired rotary, 531-536 
drum, 530 

for sensitive inateiials, 536-557 
adiabatic, 539-542, 549-553 
constant tcinpeiature, 542-545 
controll(‘d himiiditv, 545-549 
intermittent, 549 
steam-heated drum and tiay, 530 
Dry blast, 482 
Div vs wTt basis, 510 
Drying, 481-557 (see also Dnos, 
Dneis^ Design of) 
air- (sec Diying by /I?/) 
apparatus, 490-557 
classification of (based on 
method of supplying heat), 
509 

classification of (descriptive), 
491 

basic principles of, 380-387 
bv absorption, 483, 675-688 
by adsoiption, 483, 675-688 
by air (sec Drying by Air) 
by centrifugal force, 354, 484 
by chemical precipitation, 483 
by decomposition of water, 482 
by distillation, 587 
by freezing, 482 
by pressuie, 483 
by radiant heat, 390 
by vaporization, 484-557 
case hardening in, 486, 491 (see 
also Drying^ Skin Ejfvd) 



INDEX 


749 


Drying, conditions, 511 
effect of shrinkage on late of, 517- 
521 

equations foi, 511-557 (sec also 
Diying Equations) 
introduction to, 380-387 
methods of, 482 
nomenclature for, 554-556 
of gases, 482-483, 675-688 
ol liquids, 482-483, 587 
problems in, 728-730 
rate of, 511-557 (see also Drying 
Equation'^) 
skin effect, 524-527 
vacuum, 494 

Drying by air, 484-557 (see also 
Drieis, Drier Sj Design of, 
Dr yiriq) 

adsoiption, effect of, 488 
coefficients, 513, 521, 524 
equations foi, 511-557 (see also 
Dr ijing Equations) 
factois controlling surface evap- 
oration, 487-488 
mechanism of, 485-487 
diffusion limiting factor, 486 
surface evapoiatioii limiting fac- 
tor, 486 

vapor pressure lowering, effect of, 
488 

Drying equation for constant drying 
conditions, 511-527 
application of, 518-557 
derivation of, 511-514 
diffusion of liquid limiting factor, 
522-524 

limitations of, 515 
skin (‘ffect, 524-527 
am face evaporation limiting fac- 
tor, 516-521 

verification of, 518-524, 527 
Drying equation for variable drying 
conditions, 53()-557 
counterflow, adiabatic, 539-542 
constant temperature, 542-545 
controlled humidity, 546-549 
general, 537-538 


Drying equation, diffusion of liquid 
limiting factor, 536 
intermittent, adiabatic, 549-554 
parallel flow , adiabatic, 542 
constant temperature, 545 
general, 538 

surface evaporation limiting factor, 
536-557 

Drum driers, 497-530 
Ducts, pressure losses of gases m, 89, 
94 

Duhem-Margules equation, 585, 
587-588 

Duhrmg’s rule, 429, 432 
Dulong and Petit, law of, 11 
Dust, collectoi (Howard), 330 
removal of, from producer gas, 254 
separation from gases, by elec- 
tiical piecipitation, 332 
by filters, 331 
by settling, 329 
by water sprays, 33 1 
Dutch oven, 211, 213 
Dynamics of fluids (see Flow of 
Fluids) 

Dyne (def ), 84 

E 

Economizers, 228 
heat transfer in, 152 
Economy vs capacity, m evapora- 
tion, 405 

Eddy resistance of a solid in a ffuid, 
314 

Edge runners, 292 
Efficiency, heat and material, 20 
vs capacity, 405-406 
Elbows, equivalent frictional length 
of, 100 

Eldrod lime kiln, 218 
Electrical conductivity, separation 
by, 328 

Electrodes, heat loss through, 121- 
122 

Electromagnetic separation of solids, 
328 
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Electrostatic sepaiaiion ol soluls, 
328-329 

precipitation of soluls fioin ^ases 
332 

Emissivity constants, IGl, 184 
Enameled appaiatus, heat tianster 
m, 146, 396 

Energy, conservation of, 2 
consumed m crushing, 275 
cost of, 191 
intimsic, 44 

required for evaporation, 402, 407, 
439 

reversible, for separation of liquids, 
628-629 

for separation of water from 
solutions, 439 
sources of, 190 
transformation of, 188 
Engines, internal combustion, 190, 
192 

steam, 190, 192 

Enlargement loss, in flow of fluids, 
90-92, 95 

Enrichment of vapor, 572 
Entrance loss m flow of fluids, 90-91, 
95 

Entrainment (def ), 333-400 
detection of, 418 
factors affecting, 401 
in rectifying columns, 625-627 
Entropy, molal, of vaporization, 14 
Equation, equations (see also 7mne 
of piocess) 

Bernoulli, 44 
Carrier, 152 
Chappell, 151 
Clausius (Clapeyron), 433 
D’Arcy (sec Fanning) 

Di\on, 149 

Duhem-Margules, 585-588 
Fanning, 75, 87, 89, 110 
Fliegner, 96, 108 
Francis, 626 
FYost, 140 
Kick, 276 
Langmuir, 130 


Equation, Napici, 9(), 108 

N(‘\\ton, foi dihusion ol mattei, 
512 

Newton, loi flow ol li(' it, 120 

Poiseuille, 74 

Kayleigh, 598 

Reynolds, 85 

Rittmgei, 271 

Savbolt, 79 

Stetan-Boltzmann, 161 
Weber, 180 

Equilibrium, constants ol combus- 
tion reactions, 195 
diagrams (see Glia'} and name of 
pi ocess) 

m ditfusional piocesses, 634, 637- 
651 

moisture, 489, 511 
watei (def \ 4S9, 511 
Ec|uivalent frictional lengths of pipe 
fittings, 100 

Eriors in Oisat anahsis, effi'ct m 
combustion calculations, 226 
Evaporating dishes, lor corrosive 
liquids, 392 

Evaporation, 380-4 10 (sei' also Evap- 
oiatoi, cvapoiaio}}^) 
apparatus foi, 389-416 
basic principles of, 380-387 
lioilmg point laismg m, 406, 428™ 
429 

by direct fiie, 393 
condensers for, 398 
economy capacity of, 405 
economy vh efficiency of, 406 
energy requireil foi, 402, 407, 439 
entrainment in, 401, 418 
fiothing in, 400, 418 
heattransfei m, 144-146, 393-397, 
433-434, 437 
introduction to, 380-387 
mechanism of suiface, 487 
methods of, 388 

multiple effect (see Multiple Effect 
Evapotation) 
of black liquor, 390 
of corrosive liquids, 392 
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Evaporation, open pan, 145, 397 
problems, 727-728 
proeesses, classification of, 388 
tenninal conditions lor, 406, 425 
vacuum, 397 

vapor-compression system of, 407 
Evaporative capacitv, economy", etc 
(see Evapouitoi) 

Evaporator, evaporators (see also 
Evapot ahoii) 
liasket, 113 

bodies, tvpes of, 408-416 
capacity of, 386 

convection cuircnts, effect upon, 
394 

tcmpeiature diffeience, effect 
upon, 394 

thermal conductivity of liquid, 
effect upon, 394 
thermal conductivity of heat- 
ing surface, effect upon, 145, 
396 

viscositv of liquid, effect upon, 
394 

design of, 425-438 
boiling point laising, disadvan- 
tage of, 406, 430 
boiling point raising, due to 
hydiostatic head, 429 
boiling point raising, due to 
solute, 401, 428 
calculations, 425-438 
Duhrmg’s rule, use of, in, 429- 
432 

general assumptions, 427 
heat of vaporization, 432 
chrect-fired, 393 
film type, 410-416 
for corrosive liquids, 392 
toi sensitive matcuals, 416 
gas-heated, 388-391 
heating elements for, 400, 408- 
416 

picketc'd, 397 

multiple effecjt (sc^e Multiple Effect 
Evaporaffhon) 

noi('S on smglci-etfect, 416-421 


Evaporator, oil-heated, 393 
operation of, 416-427 
air leakage, effect on, 423 
air removal, 421 
condensate removal, 418 
counterflow, 424 
heat recovery from condensate, 
421 

inadequate condenser capacity, 
effect on, 422 

liquid feed and removal, 418 
parallel flow, 420 
staitmg, 421 

steam leakage, effect on, 423 
steam supply, 417 
vapor removal, 419 
rapid circulation type, 415 
salting-out, 415-416 
single effect, notes on, 416-420 
steam heated, 393-440 
classification of, 408, 409 
strike-pans, 413 
submerged tube type, 409-413 
terminal conditions m, 424 
vacuum, 398, 413, 416-418 
Excess air in combustion, 29, 212, 
214-215 

Expansion, work of, adiabatic, 97, 
104 

isothermal, 95, 104 
Explosion limits of air-gas mixtures, 
205-206 

Extraction, of gas from gas by liquid 
(see Ahm ption) , 

of gas from gas by solid (see 
{Adsorption) 

of gas from liquid by gas (see 
Steam Distillation, Stripping) 
of gas from solid by gas (see 
Adsorption, Stnppinq), 
of liquid by liquid, 633, 668 
of liquid by solid (see Adsor 2 )tion 
Filtration) 

of solid from solid by liquid 
(see Lixiviation) 
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F 

Factor of safety, m drying, 536, 542 
m heat transmission, 144, 151 
in absorption, 698 
Fanning equation, 75, 87, 89, 110 
Feed water heaters, 152, 228 
Film, films, air, thickness of, 38, 147 
coefficient of heat transfer (def ), 
135 

for boiling liquids, 144-146 
for condensing vapors, 154-158 
for gases, 146-154 
for liquids, not boiling, 138-144 
relation to coefficient of diffu- 
sion thiough gab film, 461 
concept, application of, in absorp- 
tion, 652-721 
in drying, 487 
in flow of heat, 134-158 
in humidification, etc , 471 
conduction of heat through, 37 
diffusion through, 37 
effect of convection on, 37 
effect of, on absorption, 41-42, 
652-721 

effect of, on condensation, 39 
effect of, on radiation, 38, 165 
fluid, 36-42 
partial pressures m, 40 
stationary, 36-38 
type evapoiators, 410-416 
Filter-aids, 342, 358-359, 364^366 
effect of, on rate of filtration, 364- 
366 

equations for rate of filtration 
with, 366 

Filter, filters, 341-379 (see also 
Filtrahon) 
bag, 331, 354 
box, 343, 367 

cake, thickness of, 346-347, 349, 
351 

cake, uniformity of, 358 
calculations, 360-368, 372-379 
centrifugal, 354-356 
choice of, 359-360 


Filter, classification of, 342 
cloths, 359 
design of, 368-379 
distance frames, optimum thick- 
ness of, 372-379 
leaf, 348-352 

notes on opeiation of, 357 
Oliver, 352-354 
press, chamber, 347-348 
development of, 344-345 
frames, 345-348 
Kellv, 350 
leaf, 348-352 
Moore, 349 
plates, 345-348 
resistance, 372 
Swcetland, 351 
rotary, 352-354 

with rigid poious mombiane, 356 
with scmi-permcable membrane, 
356 
Filtration, 

calculations, 360-368, 372-379 
equations, 361-368, 372 
forcomprossiblcsludges, 363, 36t) 
for bo\ hltcrs, 367 ”368 
for homogeneous sludges, 361- 
365, 366 

for incompressible sludges, 361- 
363 

for sludges with filter-airs, 364- 
366 

interpretation of, 368-372 
general principles of, 341 
mechanism of, 360-361 
nomenclatuic for, 363 
washing, 347-348, 349, 352, 354, 
370 

Firing (see also Comhubtion, Fu)- 
nacebj Gas Piodiicnb) 
by long-flame, 2ir>”2l6 
of furnaces, 209-210, 220-224 
of gaseous fuels, 222-224 
Firing of liquid fuels, 221 

of solid fuels, 209 ”210, 220 
Fittings, equivalent frictional lengths 
of, 100 
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Flamo, o'^y-acetylono, 194 
Klieg^iici’s equation, 96, 108 
Float, use of, m decantation, 332 
valve controlled bv, 419 
Flotation, of solids fiom liquids, 339 
piocess of separation by, 327 
Flow of air, gases, and liquids (see 
Floiv of Flmds) 

Flow of fluids, 43-117 
Bernoulli’s theorem for, 43-45, 
102-116 

critical velocitv of, 75-77 
denvations of equations for, 44, 
102-117 

dimensional analysis applied to, 
85, no, 116 

m capillary tubes, 73-74 
losses in, due to enlargement and 
contraction, 90-92, 95 
measurement of gases, 52-72 
by addition of energy, 70 
by addition of foieign material, 
70 

by anemometer, 71 
by fiow-mcteis, 71-72 
by gasometers, 69 
by mechanical gas meters, 71 
by orihces, 53-59 
by Pitot-tube, 63-68 
by receivers, 69-70 
by Thomas flow-meter, 70 
bv Veil tun-meter, 60-63 
measurement of liquids, 52-72 
by mechanical meteis, 72 
by orifices, 53-57, 59-60 
by Pitot-tube, 63-69 
by use of tanks, 72 
by Venturi-mcter, 60-62 
by weir, 626 
nomenclatmc for, 98-99 
power requued for 86-89, 95 
model expeuments, 116-117 
problems, 723-724 
summary of equations for, 93-98 
through pipes and conduits, 73-90 
critical velocity in, 75-77, 95 
friction factors for, 85-87 


Flow of fluids, through pipes and 
conduits, HI straight line 
motion, 73-74 
m tiiibulent motion, 74-75 
Flow of heat, 118-187 (see also Heai) 
bv conduction, 119-134 
through fluids, 131 
thiough furnace walls, 119-134, 
207-208 

through homogeneous solids, 
119-131 

by convection, 134-159, 169-170 
through condensing vapors, 154 
through gases, 146-154 
through liquids, 138-146 
bv ladiation, 160-171 
counterflow of fluids, 173 
data for (summary), 177-185 
derivations of equations for, 119- 
131, 167, 185-187 
dimensional analysis applied to, 
139 

equations for (summary), 175-176 
factors for conversion of coeffi- 
cients, 185 

film coefficients for (see Film 
Coefficients of Heat Tmnsfer) 
film concept for, 134-138 
m air heaters, 152-154, 158-159 
m condensers, 139-142, 154-158 
in dohumidihers, 470-474, 476 
m evaporators, 145-146 
in heat exchangers, 142-144 
m humidifiers, 470-475, 478-480 
m preheaters, 139-142, 154-158 
in spray coolers, 462-480 
in supeiheateis, 148-149, 152 
m surface coolers, 149-151 
m water coolers, 476-478 
logarithmic mean temperature dif- 
ference, 171-174 
mechanism of, 37, 119 
nomenclature for, 178-179 
overall coefficients for, 136-138, 
470-473 

parallel flow of fluids, 173 
potential concept, 131 
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Flow of heat, problems, 724-727 
resistance concept in, 131 
lesistances in senes, 132 
resistances in parallel, 133 
thermal conductivities in (tables), 
181-184 

vf> diffusion, 459-461 
Flow-meters, 71-72 
Flue gas, analysis of, 23-24, 28 
errors in, 226-228 
heat lost m, 214, 225, 228, 241-245 
recirculation of, 218, 221 
Fluid, fluids, 

-dynamics, problems of, 43 
Mm coefficients of heat transfer for 
(see Film Coejjtcienis of Heat 
Tmnsfer) 

films, characteristics of, 36-42 
existence of, 36 
flow of (see Flow of Fluids) 
head (def ), 45 

measurement of (sec Floiu of 
Fluids) 

thermal conductivity of, 180-182 
Fluidity (def ), 139 (see also Fas- 
cosity) 

of water, 142 
Foam formation, 400 
Formula (see Equation) 

Fractionating columns, 574-577 (see 
also Dibtillaiio?2j Rectification) 
principles of operation of, 563 
Fractionation (def ), 574 (see also 
Rectification) 

columns, 574-578 (see Toweis) 
column vs partial condensation, 
574-578 
m vacuum, 577 

Fractional condensation, distillation 
(see Distillation) 

Francis equation for sharp-crested 
weirs, 626 

'Yee crushing vs choke feeding, 275 
^ ree energy, of evaporation, 402, 
439 

of separation of bmary mixtures, 
628 


Fiee settling, sop<nation In, 313 
317, 319-321, 33b 
Freundlicli equation, i>45-t>47 
Friction, 
factors, 85-87 
chart of, 87 

loss m pipe lines, 74-75, 85-88 
of flow of fluids in ciicLiIar pipes 
87 

m other shapes, 89, 1 1 6 
through air heaters, 89-90, 158- 
159 

Frothing, m cvapoiatois, 400, 418 
Fnic-vannei, 323 
Fuel bed, 210 
reactions m, 198-201 
Fuel, fuels, 188-189 
composition of, 188 
gaseous, 222 
liquid, 220 
low-grade, 213 
natuial, 188 
-oil, 28-30, 188, 221 
powdered, 220 
piimarv, 188 

Fullor-Lehigh mill, 300, 318 
Fume, recov(T-\ of, 332 
Furnaces, 207-245 (see also Kilns) 
calculations, 238^ 245 
coking m, 209 
firing of, 209-210, 220-224 
gas-fired, 222-224 
muffle, 213-214 
open health, 236 
reverberatory, 216 
smoke formation m, 209 
temperature control in, 214-219, 
224 

types of, 208 
using solid fuel, 208 

G 

Galena, separation from quartz, 319- 
323 

Gas, gases, 

absorption of, (see Absorption) 
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Gas, aclsoiption of, (see Adso/ ptiou) 
anal\feis, 225-228 
crrois m, 220-228 
ck'iiiing (SCO Sepal athon oj Sohd,s 
and of Liquids jioni Gases) 
oonstaiit, 8-9 

offc'ot upon heat icadiatiori, 165- 
1(>6 

film, iiifluonco of on heat flow, 
140-154 

film, influence on absorption, 052- 
6t)2, 075-098 

flow' of (see Flow of Fluids) 

Luvs, in English units, 5 
in kletiic units, 5 
in rat . 10 toim, 0 
limit itions of, 7 

measurement of (see Flow of 
Fluids) 

meteis, mechanical, 71 
Thomas, 70 

molal hc'ut capacity ol, 9-10 
natiaal, 1S8 

pmteet, equations for (see Gas 
Lai vs) 

producers, 240-272 
ash imnoval from, 253 
calculations for, 257-272 
capacity of, 247, 257, 205-272 
(diapman, 255-256 
containers, 251 
efficiency of, 248 
fuel, supply of, 251-252 
gas pioduction m (see Gas Pio- 
duceis Vapaaitq of) 

Hughes, 256 
Mond, 256 
Moigan, 254-255 
reactions m, 201-205, 246, 248- 
250 

naxction rates in, 204—205, 2()0- 
272 

removal of dust and tar from, 
254 

lemoval of gas from, 254 
Smith, 255-256 

steam consumption m, 259-272 


Gas producers, supply of air and 
steam to, 252-253 
tests on, 258-272 
leactions in combustion, 196, 201, 
205-206, 212-213 
scrubbers, 473-474, 574-577, 631, 
665 

equations for size of, 401, 634- 
662, 675-715 

sensible heat content of, 12 ^14 
viscosity of, 77-79 
gas w^asheis, (see Ahsoi ptioii , 
Towel s) 

wmshing of, deformation of bub- 
bles necessary, 331 
Gaseous fuels, 222 
Gasometers, 69 
Gates gyratory crusher, 280 
Gauge, 47-51 
Bourdon, 47, 51 

necessity for calibration of, 47 
diffeiential, 47-49 
draft, 49 
inclined, 49 
multiplying, 49-50 
pressure, 47 
U-tube, 48-50 
Geometric mean, 128, 737 
Gilchrist concentration system, 389 
Globe valves, equivalent frictional 
length of, 100 
Glover tower, 390 
Glycerine, distillation of, 567 
Graham’s law of diffusion, 334 
Grainera, evaporation in, 392 
Gram, atom, 3 
calorie, 8 
mol (clef ), 3 
molecular- volume, 4 
Grate, grates, chain, 209-210 
harid-fiied, 209 
inclined, 209-210 
Gravity, acceleration of, 53 
specific, of liquids, 183 
Gravity stamps, 292 
Griffin mill, 303 
Grinders, 273, 292-304 
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Grinders, ball mills, 295-297 
bui stone, 303 

centiiiugal roll mills, 298-303 
Chilean mill, 292 
gravity stamps, 292 
tube mills, 297 

Grinding, 273-306 (sec also Ciubha, 
CtuGung and Gnndinq) 

Giizzly, 309 

Gyratory ci usher, 285-286 

H 

Hammci-bar mill, 304 
Haidmge, conical ball mill, 295 
tube mill, 298 
Hardness, scale of, 277 
Harz iig, 321-324 
Head, fluid (del ), 86 
friction, 86 

gravity (see Ilead^ Potential) 
impact (see Head, Velocity) 
potential (def ), 47 
prcssuic (del ), 46 
static (del ), 46 
velocity (def ), 46 
Heat (sec also Floiv of Heat) 
balance, 19 

on a multiple eflect evaporator, 
436-438 

on a preheating furnace, 241- 
245 

on a lotary drier, 581 
m rectification 603 
capacity, of gases, 9-10 
of liquids, 11 
ol solids, 11-12 

conductivity, coefficient of, 120, 
181-183 

content of gases, sensible, 12-14 
English units (chart), 14 
metnc units (ohait), 13 
flow of (sec Flow oj Heat) 
insulation, conductivity of, 120, 
181-183 

interchanger, 142-144 
latent (see Heat of Vaponzatzori) 


Heat, losses liom coveied pipe, 123- 
128, 146-148, 169 
losses liom baie pipe, 146-148, 
168-170 

of combustion, 193 
of leaction, 193 
of vaporization, 384-385 

estimation of, 14-16, 432-434 
recovery, in distillation, 581 
counteifiov s\stem of, 142-144, 
228, 533-536 
m furnaces, 235-211 
lecupeiativc s\stem of, 234 
icgcneiative s\stem of, 235-241 
recupciation of, m dnmg, 505 
specific (see Ileaf Capacdg) 
tlieimal conductuitv, ISO- 184 
transfer of (see Flow of Heat) 
tiansmission (see Flow oJ Heat) 
units, 8 

gas constant expressed m, 9, 1 1 
waste, ieco\ei\ of, 228, 533, 581 
Heating coils used with stills, 572 
elements loi e\apoiatoi bodies, 
400, 408-415 
surface (soo Flow oj Heat) 
value of fuels, 190 
value of producer g\s, 250 
Heelboard, driei loi, 496 
drying equation loi, 516-518 
lateof diyingof, dataioi, 518-521 
Helium lecoveiv liom natuial gas, 
335 

Heniy’s liw, 560, 584, 586, 639, 642, 
(>58, 690 

Heischel’s method, 82 
Hildeliraiurs uile (function), 15 
16 

Hindered settling, 321, 336 
Iloflnian nng hiinace, 230-232 
Ilot-blast heaters, 152" 154, 158 
Howard dust collectoi, 330 
Huff eleetiostatic sc'pamtoi, 329 
Humid heat (tlef ), 442, 450 
volume ((1(4 ), 442, 450 
Humidification, equations fox, 466 
478-480 
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Humidifiers, 462-480 
coefficients foi, 472-474 
design of, 47*^476 
equations for, 466-468 
nomenclatuie for, 466 
problems, 728-730 
types of, 472-474 
Humidity (def ), 441-443 
automatic control of, 506 
chirt for air, 448 
construction of, 447-453 
for high tempeiatures, 456 
use of, 453-457 

derivation of equations for, 458 
determination of, 443 
nomenclature, 461 
percentage, 441 
problems, 728-730 
relative, 441, 647 
units, 442 

Huntington mill, 303 
Hydraulic classification, 324-327 
pg, 321-324 
press, 357 
radius (def ), 75 
of annular space, 144 
of circular pipe, 89, 144 
sepal ation, 321-325 
Hydraulics (see Flow of Flmds) 
Hydrocarbons, absoiption by min- 
eral oil, 632, 641, 665, 667, 692, 
703, 718 

adsorption of, by charcoal, 632, 
647, 666, 672, 718 

Hydiochloiic acid, absorption of, 
655 

Hydro-extractor, 354-356 
Hydrogen, free (def ), 189 
net (def ), 189 
calculation of, 226-227 
Hydrometers, use of, m distillation, 
580 

Hydrostatic head, effect of, in dis- 
tillation, 569, 578 
in evaporation, 416-417, 429 
Hygrometers, 444-447 (see also 
Humidity) 


Hygrometers, errors in, 445 
technique of, 446 

I 

Illuminating gas, measurement of, 
62, 69, 71 

Immiscible liquids, distillation of, 
558 
Impact, 

crushing by, 280 
m ball mills, 293-297 
m disintegrators, 304 
in stamps, 292 
in tube mills, 297 
head, 47 
screen, 311 

Impeded settling, 321, 336 
Industrial stoichiometry, 1-35 
Infusorial earth for heat insulation, 
120 

Insulating materials, 120 
thermal conductivity of, 181-183 
Insulation of pipes, 123-128 
heat loss decreased by, 125, 169 
heat loss increased by, 127 
most economical thickness of, 126 
Intermittent driers, 490-495, 549- 
554 

design of, 531, 550-554 
distillation of binary mixtures, 
equation for, 598 
evaporators, 417-419 
operation of stills, 579 
vs continuous operation, 16, 490 
Internal combustion engines, ef- 
ficiency of, 190 
load, fluctuation of, 192 
vs steam engines, 192 
lion pipe (sec Pipe, bteel) 

Isothermal expansion and compres- 
sion of gases and vapors, 95, 104 
vs adiabatic, 104 

J 

Jacketed evaporators and stills, 
enameled, 146, 397 



758 


PRINCIPLES OF CHEMICAL EhOINEERIhG 


Jacketed evaporators and stills, 
oil heated, 146, 393 
steam heated, 146, 397 
substitution of copper foi cast- 
iron or steel in, 145 
used for sublimation, 569 
Jaw crushers, 282-285 
Blake, 283 
Dodge, 284 
roll, 284 

Jeffrey hammer-bar mill, 304 
screen, 312 

Jet condenser, 399, 579 
Jig, 321-324 
Harz, 321-324 
hydraulic, 321-324 

K 

Kelly filter press, 350 

Kerr’s experiments on evaporators, 

145, 156 

Kestner evaporator, 415 

Kettles and pans for evaporation, 

146, 397 
Kick’s law, 276 

Kieselguhr, use of, as filter-aid, 342, 
364-366 

Kilns, 207-245 (see also Furnaces) 
Dietzsch, 229 
Doherty-Eldred, 218 
Dressier, 234 

for drying of lumber, 493-495 
rotary, 231-233 
Tiemann, 493-495 
tunnel, 233-235 
Kinematic viscosity, 76 
Kopp, law of, 11-12 

L 

Lactic acid, concentration of, 391 
Langmuir equations for flow of heat, 
129-131 

Latent heat of vaponzation (see 
Heat of Vaponzation) 

Law (see name of) 


Leaching (see Lniviaiion) 

Leaf filtcis, 348-352 
Kelly pi ess, 350 
Moore, 349 
Sweetland, 351 

Leather board (see Heel-hoaid) 

Le Chatelier, principle of, 193 
Lillie evaporator, 410 
Liquefaction of gases, 630 
Liquid, liquids, 

boiling points of (see Boiling 
Point) 

cooling of, 138-146 
distillation of (see Distillation) 
drying of, 482-483, 587 
evaporation of (see Evapoiation) 
film (see name of process) 
flow of (sec Floiv of Fluids) 
flow of heat through (see Flow of 
Heat) 

fuels, firing of, 221 
heat capacities of, 11 
heat flow through (see Flow of 
Heat) 

heating of, 138-146 
measurement of (sec Flow of 
Fluids) 

mechanical separation of, 332-333 
thermal conductivities of, 183 
-vapor composition curves, 589~ 
594 

vapor pressures of (see Vajror 
Pressure) 

viscosity of, 79-85 
in evaporation, 395 
Lixiviation (see also Adsoiption 
Filtration) 
apparatus, 673-675 
channeling m, 669 
charging in, 669, 674 
conveyors m, 675 
Dorr classifier, 327, 675 
Dorr thickener, 339, 675 
equilibria, 643-649, 663 
grain size, 674 
mechanism, 663 
process, 634 
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Lixi\iation, latc of, (:)()2“6b4 
sedimontation m, 675 
Shank’s system, 673 
sliming 111 , 674 
stepwise countercurrent, 673 
Loads, on boilers, 192 

mteinal combustion engines, 192 
steam engines, 192 
Lolt drieis, 492 
Logaiithmic, 

mean area, 123-124 
mean, m absorption, 691 
mean tempeiature ditference, 171- 
174, 478-480 

derivation of equation for, 185- 
187 

scale, use of, 16 

Long flame combustion, 215-216 
Loss of piessure (see Flow of Fluids) 
Lubricating oils, viscosity of, 82-84 
Lumber, drying of, 493-494 

M 

Machinery (see name of process) 
Madam in scrubber, 474 
Maclaurm's theorem, 105 
Magnesia, most economical thick- 
ness of, for pipe covering, 126 
Magnetic separation of solids, 328 
Manometers, 47-50 
Mass velocity (def ), 140, 149 
Material balance, use of, 18-20 
Maximum boiling point, mixtures 
with, 594 

Mean, arithmetic, 124 
area of heating surface, 123-131 
geometric, 128 
logarithmic, 123 
logaiithmic, in absorption, 691 
temperature difference, 171-174, 
185-187, 478-480 
Mechanical meters, 69-72 
separation, 307-340 (see also Ex- 
ti action j Filtration, Separch 
tion) 

of gases from gases, 33^335 
of liquids from gases, 333-334 


Mechanical separation ol liquids 
from liquids, 332-333 
of solids from gases, 329-332 
of solids from liquids, 335-340 
of solids from solids, 307-329 
work in evaporation, 407 
Mechanism (see name of process) 
Membranes (see Permeable Mem- 
hi anes) 

Metals, heat capacities of, 11 
thermal conductivities of, 181 
Meters (see also Flow of Fluids) 
for gases, 69, 71 
for liquids, 72 
integrating, 71 
mechanical, for gases, 69-72 
Thomas flow-, 170 
Venturi-, 60-63 
water, 72 

Methods of calculation, 23-25 
Metric vs English units, 1 
Mineral oils, critical velocity of, m 
pipes, 77 

thermal conductivity of, 182 
viscosity of, 83-84 
Minimum boiling point, mixtures 
with, 593 

Miscibility, limits of, 559 
effect on vapor pressure, 586-588 
Miscible liquids, distillation of, 
559-629 

Mixtures of gases and vapors, den- 
sity of, 4, 62 
explosive limits of, 206 
humidity of, 442-448 
Models, experiments on, 116-117 
Modulus of absorption, 714 
of friction, 85 
of heat transfer, 139 
Moisture, effect of, on crushing, 278 
equilibrium (def ), 511 
free, 511 
in air, 441-462 
charts for, 448-456 
calculation of, 448 
determination of, 443-447 
total, 511 



760 


PRINCIPLES OF CHEMICAL ENGINEERING 


Mol (dcf ), 3 
per cent of gases, 3 
of liquids, 560 
Molal heat capacities, 9-12 
heat of vaporization, 15 
sensible heat content of gases, 13- 
14 

unit (def ), 3 
utility of, 2-9 
volume, 4 

Molecular velocity, 385 
weight, 4 
of air, 5 

Moore leaf-filter, 349 
Motion, Bernoulli's theorem foi 
fluids, 43-45 

eddy (see Motion, Turbulent) 
sinuous (sec Motion, Tuibulent) 
steady, 73 

straight line {see Motion, Viscoui^) 
stream line (see Motion, Viscous) 
turbulent, 74-75 
friction factors for, 85-88 
viscous, 73-74 
Muffle furnaces, 213-214 
Multiple effect evaporation (def ), 
403 (sec also E vapor aiion, Evap- 
orators) 

apparatus for, 404, 409-416 
boiling point raising m, 406, 428- 
429 

characteristics of, 420-427 
effect of feed temperature on 
steam consumption in, 438 
equations for design of, 435 
heat balance m, 437 
illustrative problems m, 424-436 
number of effects lor, 406-407, 424 
principles of, 403-408 
self-evaporation in, 436 
steam economy in, 406-407, 424 
Multiple use of steam through nic- 
chamcal woik, 407 

N 

Napier's equation for steam flow 
through an orifice, 96, 108 


Newaygo scieon, 312 

Newton's law foi flow of heat, 119- 

121 

for diffusion of mattei, 512 
Nip, angle of, 289 
Nitiic acid, concentration of, 576 
Nitrogen as basis in flue gas calcu- 
lations, 24, 28, 2b0 
content of air, 4 
of coal, 189 

of pioduccr gas, 202, 258 
Nomenclature table, for absorption, 
661, 676 

dehumidification, 466 
drying, 555-556 
evaporation, 435 
filtration, 363 
flow of fluids, 98-99 
flow of heat, 178-179 
humidification, 466 
humidity and wet and diy bulb 
thermom oti y , 46 1 
icctification, 602 
rogenciation of heat, 239 
watei cooling, 166 
Normal tempeiature and pressure, 4 

O 

Oil, oils (see also Petroleum) 
absorption of hydiocarbons by, 
632, 641, 665, 667, 692, 703, 
718 

combustion of, 28-30, 205 
condensation of, 579 
cooling of, 142-144 
critical velocity of, in pipes, 77 
distillation ol, 571-594 
film coefficient oi heat transfer of, 
138-144 

flow of, in pipes, 82-88 
fuel, 221 

combustion of, 28-30, 205 
fusel, 595 

heat mtcrchanger for, design of, 
142-144 

heating of, 142-144 
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Oil, light, 602-694 
separitioii of, from \\aiei bv cen- 
trifugal force, 333 
?’s (haieoal, m benzene reco\er\, 
717-719 

\ iscosity of, 79-85 
()li\er lotarv filter, 353 
Open-health furnace, 236 
Optimum velocity m air heaters, 
158-159 

Ores (see also Hepwation) 
crushing of, 273-292 
grinding of, 292-306 
sepal ation of mineral from gangue, 
319-329 
sampling of, 22 
Orifice, orifices, 
chambeis foi, 55-56 
derivations of equations for, 105- 
109, 115-116 

chschaige coefficients for, 54 
fiov of air through, 57-58, 96, 108 
flow of gas thiough, 57-58, 105- 
109 

flow^ of oil through, 59-60 
flow^ of steam thiough, 96, 108 
flow of \vat('i through, 59, 115-116 
head lost m, 56 

high piessure, 96, 106-109, 115 
m thick plate, 54-55 
in thin plate, 54-55 
low pressure, 95, 105-106, 115 
lounded, 54-55, 93 
shaip-(‘dged, 54-60, 93 
short-tub(', 54-55 
stiindard, 53-60, 93, 96 
types of, 54-55 

summaiy of equations for, 93, 96 
vs V(mtun meter, 56 
Orsat analysis, 226-228 
effect of waiter vapor in, 24, 227 
errors m, 226 
Oven (see also Furnaces) 
liceluve coke-, heat loss from, 129 
by pioduct coke-, 219 
drying, 493 
Dutch, 211, 213 


Ovciall coefficient of heat transbn 
(def ), 136 (see also Floio of 
Heat) 

vs film coefficients, 137-138 
Overload capacity of steam vs 
mtcrnal-combustion engine, 192 
Overflow (m lectihcation), 600-627 
equations for constant molal, 600 - 
622 

equations for unequal molal, 622, 
625 

minimum, 611 
pipes foi, 626 

0\y-acctylene flame, combustion in, 
194 

Oxygen, absorption of, by waiter, 
640, 656 

excess of, in flue gases, 29 
m blast furnaces, 241 
solubility of, in water, 640 
absorption of, by water, 656 

P 

Pans, evaporating, 145, 397 
strike, 413, 417 

vacuum, 397, 417 (see also Evapo- 
mtion) 

Paper, drying of, 492, 497 
Parallel plates, critical velocity of 
fl.ow between, 95 
flow" of fluids between, 89, 94 
friction factors for, 87, 89 
hydraulic radius of, 89 
Partial condensation (def ), 574 
differential, 599 
equations for, 599 
errors m vapor analysis due to, 591 
objects of, 572, 578 
simple, 599 

Partial condensers, 573-578 (see 
also Partial Condensation) 

Partial pressure, 30, 383 
gradient in a fluid film, 50 
m binary liquid mixtures, 582-588 
(see also Vapor Pressure) 
rate of drying controlled by, 488 
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Paitlv iniscMhle liquids, distillation 
of, 586^588, rm, 782 
iiiechanical separation of, 882 888 
Peak loads, 192, 221, 42b 
Percolation filtration (see Achm i)- 
tion Filtration) 

Permanent diatomic gases, niolal 
heat capacities of, 9 
Permeable mcmbianes, diffusion of 
gases tliiough, 334 
filtration through, 342-356 
granular, 342 
rigid, 356 
woven, 343-356 

Petroleum, condenser for, 571, 579 
critical velocity of, in pipes, 77 
distillation of, 571, 594 
heat of vaporization of, 15-16 
heat tiansmission, condensing, 155 
cooling, 142-144 
wanning, 142-144 
pumping of, 59, 82, 88 
viscosity of, 83, 84 (see also Oil, 
oih) 

Piezometer img, 50-52 
Pipe, pipes, 

bends, equivalent frictional length 
of, 100 

carrying capacity (sec Flo a' oj 
Fluids) 

coils, for heating, 139, 145 
copper, heat transfer through, 145, 
157 

covering, flow^ of heat through, 125 
critical velocity of fluids in, 77 
fittings, equivalent frictional 
lengths ot, 100 

flow of fluids through (see Flow of 
Fluid'i) 

friction factors for, 85-87 
heat transmission through, 123- 
128 

loss of head in (see Flow of Fluids) 
steel, actual vs nominal diameters, 
101 

steel, heat transfer through, 145, 
170 


Pipe, theimil conduct i\ dies ol, 181 
\alves, eqinvalentdin tioual h'ugtii 
of, too 

weight oi, 10 1 

wiought lion, diameteis, 101 
Pitot tube, 63-69 
construction of, 63-64 
equation loi, 61, 98, 110 
loi measuiiiig gases, 67-68 
oil, 69 
W'atcr, 68 
use of, 65 

Pitot-ventun tube, 67 
Plate, plates, 
bubbling, 576 
columns, 574-576 
capacity of, 625-627 
design ol, 597-627 
vapor vclocit\ m, 625-627 
efficiency m rectihcation, 615 
filtei -press, 345-348 
flush, 345 
recessed, 346-348 
pel f orated, 576 
Plots (see Charts) 

Poise, 85 

Poiseuille’s law, 39, 71, 361 
Pol 1011 evaporatoi, 889 
Poiteffs method lor inlerpolation ol 
curves viscosity cs* fimipiTatuie, 
82 

Pot stills, 565, 571 
Potential head (del ), 47 
concept of flow^ oi heat, 131-182 
application of, 184" 158, 471 
Pound atom, 3 
ealoiie, 8 
mol, 3, 4 

molecular volum(\ 1 
Powuiered coal, 220-221, 231-233 
Power, 188-192 
cost of, 191 
electrical, 191 
gonoration of, 190 
mechanical, 190 
readiness to servo, 191 
Preheaters (see Flow of Heat). 
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Pi ('heating .in foi furnaces, 235-241 
luinace, heat balance on, 241-245 
Press, filter (sec Filto Press) 
Pressure, 
absolute, 7 
baiometnc, 7 
(lecoTuposition, 556 
drop, relation to latc of flow, 52 
(see also Flow of Fluids) 
fluid, 45 
gauges, 47-52 
head (clef 1, 46 
impact, 47 

partial (see Partial Pressure) 
potential, 47 
saturation, 382 
static, 46 

vapor (see Vapor Pressure) 
vclocitv, 47 

Prolilems (hliseellanoous) 723-738 
Producer gas, 201-205 (see also Gas 
Producers) 

heating value of, 250 
Psychrometers, 446 
(‘hart for, 448 
equations for, 445 
hlmg, 446 
use of, 446 

Psychiometry, technique of, 446-447 
errors m, 445-447 
Pulverizers, 293-304 
liall mills, 293-297 
centiifugal loll mills, 298-304 
Burr mills, 303 
Fuller -Lehigh mill, 300 
Raymond mill, 300-303 
Sturtevant nng-roll mill, 299 
tube mills, 298 

Pumping, power required for, 86-89, 
95 

Pumps, choice of, for filter presses, 
357 

in evaporation, 398-399, 419 
pyrometers, errors of, duo to radia- 
tion, 165-167 
optical, 171 
radiation, 170 


Pyrometers, thermo-eleetru , for skin 
tcmiperatures, 530 

Q 

Quadruple-effect evaporator, 425 
calculations for, 436-438 

R 

Radiation of heat (def ), 119 
black body (def ), 160 
black body coefficients (table) , 184 
constants, 162 
effect of gas upon, 165-166 
errors m pyrometry, 165-167 
general equation for, 160-161 
gradient, 165 

m furnaces and kilns, 211, 216, 223, 
233 

net, equation for, 161 
pyrometers, 170-171 
simplified equations for, 167-170 
Stefan-Boltzmann, law of, 161 
Radius, mean hydraulic (see Hydrau- 
he Radius) 

Rankme temperature unit, 10 
Raoult’slaw, 428, 560, 582-591, 598, 
641, 692, 700-705, 717 
Rapid circulation evaporator, 416 
Rate of flow of fluids (see Flow of 
Fluids) 

of combustion reactions, 196-197, 
200-201, 204-205 
of heat transfer (see Flow of Heat) 
Ratio of specific heat of gases at 
constant pressure and at con- 
stant volume (table), 99 
of mean to maximum velocity m 
circular pipes, 66 
Rayleigh equation, 598, 731 
Raymond mill, 300-303, 318 
separator, 302, 318 
Reactions, velocities of gas-, 196-197, 
200-201, 204-205 
Recorders, for gas analysis, 225 
Recovery of waste heat from fur- 
naces, 228-241 



764 


PRINCIPLES OF CHEMICAL ENGINEERING 


Rectification (del ), 573-574 (see -dso 
Distillatwn) 

cMlculations lor, 600-627 
columnb foi, 563, 574-578 (boe 
also Rectifying Coliimub) 
equations for, 600-625 
minimum overflow m, 611 
plate efficiency m, 612 
principles of, 560-564, 573, 600- 
625 

under pressure, 626 
under vacuum, 577 
vapor velocity m, 625-627 
Rectifying columns, 563, 574-578, 
600-628 (see also Redtficatwn) 
admission of feed to, 609 
capacity of, 625-627 
under pressure, 626 
design of, 600-628 
packed, 576-578, 613 
plate, 574-576 
bubbling, 574-575 
perforated, 576 
tower, 576 

distiibution of roflu\ m, 577 
use of, undei vacuum, 577 
vs partial condensers, 578 
vapor velocity in, 625-627 
Recuperative system of heat recov- 
ery, 235 

Reflux, distiibution of, 577 (see also 
Overflow), 

m rectifying columns, 600-627 
pipes for, 626 

vs number of plates, 578, 622, 626 
Refrigeration, in dehumidifiers, 464 
drying by, 482 

Regain, 489, 511 (see also Eqinlih- 
rium Water) 
of textiles, 489 

Regenerative system of heat recov- 
ery, 235-241 
construction of, 237 
design of checkerwork for, 238- 
241 

m the iron blast furnace, 236 
in the open hearth furnace, 236 


Relative volatildv (del ), 585 
Repose, angle ot, 309, 312 
Resistance to flow (see Flow of 
Fluids and Flow of Ileai) 
concept, m absoiption, 658, 705- 
715 

concept, m filtiation, 362 
concept, in heat ti ansfer, 127, 132, 
726 

press-, 372 

Retorts, 213, 215, 219, 569, 571 
Reverbeiatory furnaces, 216 
Revolving screens, 310 
filters, 352-354 

Re vnolds equation for flow in pi pi's , 85 
Ricks, 389 
Riffles, 323 

Ring furnace, 230-232 
Rittingei’s law, 275 
Rock, bieakcrs, 281-286 
crushers, 2S7, 293 
screening of, 309-312 
Roll, rolls, 
eiushmg, 288-291 
Fuller-Lehigh, 300 
jaw'’ ciushei, 284 
mills, 298-304 
pan, 292 

Ravinond, 300-304 
Stiirtnvant ring, 299 
Rotary, 
crusheis, 291 
drier s, 498-502 
calculations for, 533-536 
eoiinterflow, 499 
design of, 509, 531-536 
paiallel flow', 500 
reversed current, 500 
Ruggles-Coles, 501 
hlfceis, 352-354 

furnace for evapoiating waste 
liquor, 390 

kiln, 220-221, 231-233 
ore cooler, 533-536 
screens, 310 
Rotating (see Rotary) 

Ruggles-Coles drier, 501 
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S 

Safety, factor of (see Facto) of 
Safety) 

Salt catch, 415 
evaporators, 413 
grainers, 392 

solutions, concentration of, 389, 
392 

Saltmg-out evaporator, 415 
Salts, applied to distillation, 629 
boilmg-pomt raising, due to dis- 
solved, 407, 428 

vapor-pressure loweimg, due to 
dissolved, 382, 629 
Sampling, 22-23 

Sand, drying of, 498-502, 532-536 
Saturated vapor, properties of (sec 
Vapo7 Presiiure, Heat of 7apo?- 
tzaiiotij and Heat Capaaty) 
volume of an (def ), 442, 448, 450 
Saturation pressure, 382, 448 
Seale, effect of, on heat transmission, 
140, 145 

removal of, from evaporators, 413 
Scalper, 313 

Screening, separation by, 308-313 
Screens, grizzly, 309 
Jeffrey, 312 
Newaygo, 312 
rotating, 310 
standard, 308 
vibrating, 311-313 
Screw press, 357, 484 
feed, to grinders, 300 
Scrubbers (see Towcu) 

Secondary combustion, 201, 212-219 
Sedimentation of mixed precipitates 
diumg filtration, 365 
sepal ation by, 335-340 
Selective absorption, 335, 483, 630- 
738 

adsorption, 335, 483, 630-738 
condensation, 335 
diffusion, 334 
vaporization, 335 
Scmi-continuous operation, 18 


Sensible heat content of gases, 12-11 
Sensitive materials, distillation of, 
56.5-567, 578 

diymg of, 481, 482, 492, 498, 504, 
536-548 

evaporation of, 391, 398, 416, 417 
sublimation of, 570 
Separation, 307-340 
of gases fiom gases, 334-335, 630- 
738 

by absorption, 335, 461, 630- 
738 

by adsorption, 335, 630-738 
by chemical means, 483 
by dehumidification, 463-464 
by diffusion, 334 
by fractional condensation, 335 
by liquefaction and rectification, 
630 

of liquids from gases, 333, 334 
by chemical means, 334, 483 
of liquids from liquids, 332-333, 
633, 668 

by centrifugal force, 333 
by decantation, 332, 633 
by distillation (see DiUillatton) 
of solids from gases, 329-332 
by centrifugal force, 330 
by electrical precipitation, 332 
by impact on water, 331 
in bag filters, 331 
of solids from liquids, 335-340 
(see also Drying, Evapora- 
tion, Flit) ation) 
by sedimentation, 335-340 
of solids from solids, 307-329 
by flotation, 327, 340 
by screening, 308-313 
by settling, 313-318 
by sublimation, 569-570 
due to difference in specific 
gravity, 319-323 
due to magnetism, 328 
electrostatic, 328-329 
principles of, 307 

Separators, in evaporators, 402, 409- 
415 
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Separators, Raymond, 302 
Senes flow, in heat transmission, 
132-133 

Settling chambers, 329 
free, 315, 319-321, 324 
hindered, 321 

separation bv, 313-327, 329, 332, 
335-340 

Shape factoi, of Langmuir, 129 
Sheai, grinding by, 275, 280, 292, 
298, 303 

Short tube, flow through standard, 
54-55 

Shrinkage, coefficient of, in drying 
equations, 518 

late of drying with, 517-521, 
524, 527 

Sieves and screens, 308-313 
grizzly, 309 
lotatmg, 310 
Tyler, standard, 308 
vibrating, 311-313 
Silical gel, 647 

Sinuous motion (see Turbulent Mo- 
t%on) 

Simple distillation (def ), 571 
equation for, 598, 731 
Single effect evaporators, 416-417 
continuous, operation of, 418-419 
intermittent, 417 

Skin effect in drying, 524-527 (sec 
also Drijing, Case-haidemng in) 
Sling psychrometer, 446 
Slip, angle of, 312 
Smoke, prevention of, 197, 209 
production of, 197, 209 
Soap, drier for, 496 
drying equation for, 527 
rate of drying of, data for, 528 
Sodium hydroxide solution, boding 
points of, 431 
Solar evaporation, 389 
Solids, heat capacity of, 11-12 
separation of (see Separation) 
thermal conductivity of, 181-183 
Soot, in flue gas, formation of, 197 
Soiel, 600 


Specific gia\it\, tempoiaiy chaiig<‘ 
ol, m flot<ttion, 327 
scpaiatioii duo to diffoienee m, 
319-328 

heats, 9-12 (see also Ilcat Capaci- 
ties) 

volume of div air, 448, 449 
of gases, 4-7 
Spitzkasten, 325 
Spray dneis, 502-504 
evaporators, 233, 390, 503 
Stacks, heat loss fiom, 244-245 
as latent lieat, 244 
as potential heat, 244 
as sensible heat, 214, 225, 228, 
244 

duo to unburned gases, 214, 2 44 
Stamp null, 292 
Standard conditions, 4 
orifices (see 0/ ificc, Standard) 
sieves, 308 
Static pressure, 46 
Steam, 

driers heated by, 492-498, 502, 
509 

design of, 530-531 
dium, 407 
loft, 492 
rotary, 502 
tray, 493 

economy in distillation, 567, 581, 
622, 626 

m drying, 490, 505, 507 
m evapoiation, 405, 406, 425- 
427, 438 

films (condensed), heat tiansli'i 
thiough, 15 4-157 
effect of ail on, 156 
heat capacity of, 9-10 
latent heat of, 448 
pipes, heat loss from, 125-127, 169 
lagging for, 125-127 
power, 192 

electrical and water, 191 
sensible heat content of, 13-1 1 
separators, 402 
thermal conductivity of, 182 



INDEX 


767 


Steam distillation, 565-568, 596- 
598, 675-715 

calculations for, 596-598, 675- 
715 

in vacuum, 566, 667 
of aniline, 565 
of glvceiine, 567 
of stearic acid, 596-598 
pimciplcs of, 559, 565, 595 
superheated steam, use of, in, 567 
Steanc acid, distillation of, 596-598 
Steel pipe (see Pipe^ deel) 
Stefan-Boltzmann law (radiation), 
161 

Stills, 565-582 (see also Distillation, 
Rectification) 

for simple distillation, 571 
heat recovery m, 581 
pot, 565 
stripping, 568 
superheating feed to, 572 
Stoichiometry, 1-35 
Stokers, mechanical, 209-212 
Stoves, blast furnace, 236-241 
Straight line motion (def ), 73 
average velocity in, 66 
equation for, 74 
vs turbulent flow, 75-77 
Stieam lino flow (see Straight Line 
Motion) 

Stripping of liquids (sec also Steam 
Distillation, Towers) 
apparatus for, 473, 574-582, 665- 
668, 713 

equations for, 675-715 
mechanism of, 651-653 
process of, 632-633 
rate of, 635, 651-662 
Stripping of solids (see also Adsor})- 
tion) 

apparatus for, 672-673 
mechanism of, 662 
pro(‘OHs of, 634 
rate of, 715-721 

Sturtevant air heater, friction m, 89- 
90, 159 

crushing rolls, 289 


Sturtevant, ring roll mill, 299 
rotary crusher, 291 
Sublimation, 569-570 
Sugai, crystallization of, 413-417 
evapoiation of solutions of, 413, 
417 

Sulphate liquor, concentrating, 390 
incinerating, 390, 503 
Sulphur, combustion of, 30-33 
Sulphur gases, absorption of, 33, 
634, 694, 705-715 
adsorption of, 647 
cooling of, 149-151 
Sulphuric acid, concentration of, 392 
removal of water vapor by, 649, 
677-688, 711 

Summary of data, for flow of fluids, 
99-101 

for flow of heat, 177-185 
Summary of equations, for flow of 
fluids, 93-98 
for flow of heat, 175-176 
Superheated steam, distillation with, 
567 

vapor, dr-ymg by, 504 
Surface combustion, 196, 205-206 
furnace, 223 
condensers, 399 
calculations for, 157-158 
disadvantages of, in sublima- 
tion, 570 

evaporation (see Drying by Air) 
increase of, due to cnishmg, 274- 
276 

Sweetland filter press, 351 
Swenson evaporator, 404, 409-410 
Symbols, meaning of (see Nomen- 
clature) 

Symonds disk crusher, 287 
T 

Table, Wilflcy, 318 
Tables of equivalent frictional 
lengths, 100 

humidity-temperature equilibria 
of Na2HP04 I 2 H 2 O, 556 
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Tables of pipe diamotoi s and w eights, 
101 

ratio of specific heats of gases, at 
constant pressuie and con- 
stant volume, 99 

lolative radiating pov ers of solids, 
184 

thermal conductivity, coefficients 
of, 181-183 

Tanks, decantation, 332-338 
for separating liquids, 332 
settling, 332, 336-340 
Tar, condenser lor, 572 
removal of, from producer gas, 254 
from pyroligneous acid, 343 
Tees, equivalent frictional lengths 
of, 100 

Temperature, absolute (def ), 5 
automatic control of, in drying, 
505 

contiol of, m furnaces, 215-219, 
224 

difference, arithmetic mean, 174 
logarithmic mean, 171-174, 185- 
187 

effect of, on coefficient of heat 
transfer, 142, 145, 394 
on diffusion of matter, 385, 514, 
635, 659, 706-715 
on equilibrium constants of gas 
reactions, 193-195 
on gas producer capacity, 249- 
272 

on rate of heat transfer, 120, 
122, 134-171 

on vapor pressure, 16, 590 
on vapor-liquid composition dia- 
grams, 589-590 
on viscosity, 78, 80-84 
units, Centigiade, 8 
Fahrenheit absolute, 5 
Kelvin, 10 
Rankine, 5, 10 

Terminal conditions m evaporation, 
406, 424 

Test data, choice of, 21-22 
period, duration of, 20-21 


Thermal conductivity (del ), 120 
conveision factois for, 185 
of gases (table), 182 
of heating suiface, effect of, on 
evaporation, 145, 396 
of liquids (table), 182 
of solids (table), 181-183 
variation of, with tempeiaturc, 
120-121, 182-183 

Thermometer errors due to radia- 
tion, 165-167, 445-446 
wet and diy bulb, 444-447 
Thermostat, in diying, 505-506 
Thomas flow -meter, 70 
Throttling, m condcnsei, 154, 398 
Tiemann dij" kiln, 493-495 
Timber, diving of, 493-495 
Tower, towers, 

Bartlctt-IIaywaud, 666 
bubble-plate, 574, 665 
Ccco-sprav, 665 
centnfugal-spiay, 473, 665 
cokc-paeked, 473, 665, 713 
cooling, 464, 465 
Fels, 666 

hllmgs, 576-579, 665, 713 
Glover, 390 
Maclaurin, 474 
rectifying, 574-582 
slat-packed, 473 
w’etted-wall , 706-7 13 
Transmission of heat (sec Flow oj 
Heat) 

Tiay driers, 493 
TTommols, 310 
Tiouton’s rule, 14-15 
Tube, tubes (see also Pipe) 
anangement of, m evaporators 
408-415 

fiow^ of fluids in capillary, 74 
mills, 297 

Tunnel driers, 495, 547-549 
kiln, 233-235 
Turbulent motion, 73-75 
friction factors for, 85-87 
Tyler standard screen, 308 
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U 

Units, English vi^ metric, 1-9 
bout, 8 
viscosity, 74 

U-tubo, differential, 47-50 
gauge, 47 
multiplying, 49-50 

V 

Vacuum, air removal from vacuum 
evapoiators, 398 
distillation, 565-569, 577-578 
diving, 494-495 

effect of, on boding tcmpciatiire, 
403-404 

cvapoiation, 397, 416-417 
maintenance of, 398, 425 
steam distillation in, 566-567 

\"alves, equivalent frictional length 
of, 100 
reducing, 418 
safety, 418 

Aunnei, 323 

Vapor, vapors (see also Ga^, GabCb) 
composition, 558-564, 589-591 
calculation of, 560, 589-591 
determination of, 591 
diagrams of, 561, 590, 593 
vs liquid composition (see 
Vapoi-com position Diaqi ams) 
compression system of evapora- 
tion, 407-408 
diffusion of, 39-42 
enrichment, 572 (see also Rediju a- 
hon) 

flow of (see Flow of Fhiuh) 
pressure (def ), 381-383 
estimation of, by Duhrmg’s 
rule, 429-432 
-lowering, 383-384 
of alcohol-water mixtuies, 590 
diagrams, 16, 583, 584, 586, 588, 
590 

of liquids, 16 
relative, 428 


Vapor, removal, from evaporatois, 
388, 419 

superheated, drying by, 503 
velocity in distillation, 625-627 
water (sec Steam) 

Vaporization, 
drying by, 484-557 
equihhnum temperatwe of (see 
Boiling Point and Wet Bulb 
Tempeiatm e) 

factors conti oiling, 386-388 
latent heat of, 384-385 
estimation of, 14-16, 432-433 
mechanism of, 381-385 
processes, basic principles of, 380- 
387 

terminology of, 380 
rate of, 386-388 
Velocity, 

average, in straight line flow , 73 
m tuibulent flow, 75 
vs maximum velocity in circulai 
pipes, 66 

distribution, 38, 73-75 
head (def ), 46-47 
mass (def ), 140, 149, 625, 714 
measurements of, by anemom- 
eter, 71 

by flow-meter, 70 
by orifice, 53-60 
by Pitot tube, 63-67 
by Venturi meter, 60-63 
of gas reactions, 196 
superficial, 152-153 
vapor, in rectifying columns, 625- 
627 

Venturi meter, 60-63 
equations for, 60, 93, 97, 109- 
110 

loss of head in, 61, 63 
vs oiifice, 56 

Vibrating screens, 306-308 
Viscosimeters, 79-80 
Lang, 80 
Saybolt, 79 
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Viscosity, absolute, 74, 84 

effect of, on evapoiatoi capacity, 
394, 395 

on critical velocity in pipes, 75- 
77 

Ilcrsehel’s method of estimating 
change of, with temperature, 
82 

kinematic, 76 
of gases, 77-79 

of liquids, 79-85 {sac also FI iiuhty) 
Porter's method of estimating 
change of, wnth tempcratuie, 
82 

lelatne, 85 
Saybolt, 79 
units of, 84-85 
conversion of, 84-85 
Viscous motion (see Straight Line 
Mohoji) 

icsistancc m settling, 313-314 
Volatility (def ), 584-585 
relative, 559, 585 

Volume, measurement ot (see Flow 
of Fluids) 

per cent m gas analysis, 3 

W 

Wanner pyrometer, 171 
Washers (see Towers) 

Washing of Gases (see Absolution) 
Washing of filters (see Filtration) 
Waste heat recovery, 228-241 
in heat exchangers, 142-144, 578, 
581 

in recupeaatois, 235 
m regenerators, 235-241 
Water-alcohol mixtures, properties 
of 590 
Water, 

coolers for, 464, 465 
coefficients for, 472-474 
design of, 476-478 
equations tor, 469-470 
flow ot (see Flow of Fluids) 
gas, 203-205 

heat transfer (sec Flow of Heat) 


Water, latent heat of, 418 
measurement oi (see Flow oj 
Fluids) 

powTr vs steam, 190-191 
theimal conductivity of, 182 
vapoi (see Steani) 
vapoi pressure of, vs ternpeiatuK', 
17 

viscosity ot, ys' tempeiatui(\ 81 
Weboi equation tor theinial eon 
ductivity ot liquids, 180 
Weight, atomic, 3 
combining, 3 
inoleculai, 3 

Weight pel cent, solids, 3 
Weil, equation loi flow ovei, 627 
Wet and drv bulb tlK'imonu'tn , 
441-461 (see also Psgt hionu ti 
Wet-bulb, tompeialuie rs' (‘(puhb- 
riiim tempeialuie ot adiabatic 
cooling, 458-46 1 
thermometers, 144-447 
Wilflev table, 323 

Wires, cooling ot, by insulating {sinull 
wiies), 128 

heat loss from, 124, 128, 151 
Wood, checking of, 186 
chips, crushing of, 305 
combustion ot, 211, 216-217 
drying of, 493-495 
schedule for, 486 
shrinkage of, 486 

Work of compression of gases, 
adiabatic, 97, 104 
isothermal, 95, 10 1 
Wrought iron pipe (sc'c Pipe). 

X 

X vs ij cunn‘s, 591-593, 678 

y 

Yaryan evaporator, 411-412 
Z 

Zaremba (evaporator, 409-410 
Zones, in gas produc(*i, 199, 2IH 250 
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